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This dissertation describes the electrochemical behavior of nickel and iron that was
studied in different acid solutions via linear sweep voltammetry, cyclic voltammetry, and
potentiostatic measurements over a range of temperatures at specific potential ranges.
The presented work displays novel experiments where a nickel electrode was heated
locally with an inductive heating system, and a platinum (Pt) electrode was used to
change the proton concentration at iron and nickel electrode surfaces to control the
periodic oscillations (frequency and amplitude) produced and to gain a greater
understanding of the systems (kinetics), oscillatory processes, and corrosion processes.
Temperature pulse voltammetry, linear sweep voltammetry, and cyclic voltammetry were
used for temperature calibration at different heating conditions.
Several other metal systems (bismuth, lead, zinc, and silver) also produce periodic
oscillations as corrosion occurs; however, creating these with pure metal electrodes is
very expensive. In this work, metal systems were created via electrodeposition by using
inexpensive, efficient, coupled microelectrode array sensors (CMASs) as a substrate.
CMASs are integrated devices with multiple electrodes that are connected externally in a

circuit in which all of the electrodes have the same amount of potential applied or current
passing through them. CMASs have been used for many years to study different forms of
corrosion (crevice corrosion, pitting corrosion, intergranular corrosion, and galvanic
corrosion), and they are beneficial because they can simulate single electrodes of the
same size. The presented work also demonstrates how to construct CMASs and shows
that the unique phenomena of periodic oscillations that can be created and studied by
using coated and bare copper CMASs. Furthermore, these systems can be controlled by
implementing external forcing with a Pt electrode at the CMAS surface. The data from
the single Ni electrode experiments and CMAS experiments were analyzed by using the
Nonlinear Time-Series Analysis approach.

Keywords:
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CHAPTER I
INTRODUCTION
1.1

Introduction
All over the world, oscillatory phenomena have been observed in biological,

chemical, physical, and natural systems.1-4 Due to short time scales, straightforward
monitoring (current or potential), being easy to control, and practical importance for
natural events and reactions in the physical world, electrochemical oscillations have
become the interest of numerous studies and reviews articles in academia and industry.
Although electrochemical oscillations are well-known phenomena that were first
observed during the periodic deposition and dissolution of Fe wires by Fechner in 1828,
these systems are still not completely understood and a lot more information is needed to
completely understand how these phenomena are created, function, and relate to different
dynamical systems all over the world.5
Electrochemical studies performed on various metals (copper, zinc, nickel, iron,
lead, platinum, and bismuth)1, 2, 6 have been shown to produce oscillations during several
oxidation and reduction processes including electrodissolution, etching, electroplating,
electrorefining, electrocatalysis, and photoelectrochemical reactions.7-10 These metals are
used all over the world for their unique physical, chemical, and mechanical properties.11
This results in millions of metric tons of these metals used every year and wide

1

exploitation in different types of industry (microelectronics, corrosion, computer,
automobile, battery, construction, etc.).12
Several types of oscillations (simple, periodic-doubling, mixed-mode, and chaotic
oscillations) can be produced during the dissolution (corrosion) of metals in different
aqueous and non-aqueous solutions.6, 7, 13 For example, Figure 1.1a and 1.1b shows the
damped oscillations and continuous oscillations created in Ni/H2SO4 system as a
potential of 1.20 V and 1.55 V were applied to the working electrode, respectively. The
oscillations created by nickel and other metals during the electrochemical studies are
produced as a potential is applied or a current is passed through the systems.

Figure 1.1

Oscillations of 250 µm diam Ni electrode in 1 M H2SO4 under
potentiostatic conditions
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Figure 1.1 (continued)
Note: Temperature was 25 °C. A Ni electrode in series with a 37 kΩ resistor. (a) damped
oscillations for an applied potential of 1.20 V (b) sustained oscillations for an applied
potential of 1.55 V.

Oscillatory systems have been traditionally studied by applying external forcing
techniques through various amounts of applied current or potential during the
electrodissolution (corrosion) or reduction of metal electrodes in solutions.3 External
forcing is the process in which an external source is used to apply perturbations to a
system. The perturbations may be caused by changes in the current, potential, resistance,
or by using forcing signals (of frequency) in the metal oscillating system. External
forcing techniques have helped to provide a better understanding of metal oscillating
systems.12 However, little attention has been given to performing electrochemical studies
on unique metal oscillating systems where external forcing via local concentration
change at the electrode surface and no attention is given to the possibility for locally
heating these intriguing systems with a novel induction heating system. This dissertation
3

will present the work done on metal oscillating systems via two novel external forcing
systems.
Over the last three decades, the number of electrochemical studies on oscillatory
systems that are produced by single metal electrodes have significantly increased and
provided a significant amount of information about metal systems, self-organization, and
periodic oscillations.1, 2, 6, 14, 15 However, due to the lack of adequate technology, an in
depth analysis was not possible. Recently, coupled microelectrode array sensors
(CMASs), also known as wire beam electrodes, have been created to solve this issue.16, 17
CMASs are fabricated from multiple wires that are connected externally to a circuit. Each
wire in a CMAS is polarized identically, with current or potential during electrochemical
studies.16-19
Numerous studies on self-organization, nonlinear analysis of time series data, and
periodic oscillations via external forcing on CMASs have recently been done by Hudson,
Kiss, and Rusin.20-25 During those electrochemical studies, external forcing was
performed on CMASs by attaching resistors in series or parallel. The global coupling was
imposed over a range from almost no coupling to coupling that produced synchronization
between the electrodes.
The main benefits of CMASs are their capability of simulating a single metal
piece electrode of the same size, have high temporal and spatial resolution, and being
able to measure different forms of localized corrosion.16, 17, 26 As a result, CMASs have
been used for the following:
1. Quantitative, real-time corrosion monitoring of corrosion inhibitors in mortar27
2. The compatibility between organic coatings and cathodic protection14
4

3. Metals in oil/water, salt deposits, wet gases, soil, and biodeposits27
4. Rebar under concrete covers 17
Although CMASs have become a topic of interest for electrochemical studies,27
few papers show how to make these devices as an all in one CMAS (electrochemical cell,
working electrode, counter electrode, and holder slot for reference electrode) and no
papers in literature show how these devices can be used as substrates to create new arrays
sensors for corrosion and oscillatory studies. In this dissertation, the steps for
constructing CMASs, ways to construct new arrays via electrodeposition, and
experimental results are also given.
1.2

Corrosion
With only the exception of iron, all of the metals (copper, zinc, nickel, lead, silver

and bismuth) used and analyzed in this dissertation are known for having some level of
corrosion resistance properties.27-32 However, all of the oscillations produced in these
electrochemical studies (cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
potentiostatic experiments) form during the electrodissolution of the metal of interest.33, 34
Furthermore, all of the metals in these studies corrode in several different ways as anodic
potentials are applied to the single piece electrode or CMASs. Corrosion has been linked
to being one of the major factors for the formation of the oscillations, the main emphasis
of this dissertation.31 In addition, the CMAS used for electrochemical studies in this
dissertation is the ideal candidate for studying corrosion. As a result, the corrosion
process, different types of corrosion, and the problems associated with corrosion will be
discussed in detail.
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Bismuth, copper, lead, nickel, zinc, and alloys of these metals have been used to
prevent and reduced corrosion all over the world for decades.29-32 Even with those efforts
the cost of preventing and maintaining corrosion has steadily increased year after year.
Studies on the cost of corrosion have been performed for over half a century.27 In 2013,
studies showed that each nation’s Gross Domestic Product (GDP), which is used to help
estimate the cost of corrosion, was between 3 to 4 %. The global GDP was estimated

to be 3.4%. By using that percentage of global GDP and including the indirect cost of
corrosion, the estimated cost of corrosion worldwide is estimated to be over $2.5 trillion
per year.35 This cost includes but is not limited to preventive and direct maintenance cost,
replacement cost, utilities, transportation, infrastructure, inspection for cathodically
protected metal machinery and pipes, service inspections, and corrosion training cost.36
Corrosion of materials (metals, polymers, ceramics, etc.) happens during the
degradation of the material by chemical reactions with aggressive components in its
environment.35, 37 Corrosion can be classified in different ways, such as chemical and
electrochemical, high temperature and low temperature, and wet corrosion and dry
corrosion.28 Equipment, machines, structures, and functional products may all fail due to
any of these corrosion types and that can lead to the injury or death of humans. In the
physical world, corrosion of most metals is inevitable.27 All eight of the common types of
corrosion are commonly produced on one or more of the metals presented in this work.
They include uniform (general) corrosion, galvanic (bimetallic) corrosion, pitting
corrosion, crevice corrosion, filiform corrosion, intergranular corrosion, stress corrosion
cracking, and erosion corrosion.29, 38
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Figure 1.2 illustrates an example of uniform corrosion on the surface of an iron
plate in solution (water in the presence of oxygen). Uniform corrosion is the most
common form of general corrosion.27 Uniform corrosion is often caused when metals are
exposed to fresh brackish, salt water, atmosphere exposure (polluted environments), soils,
or chemicals.38 During uniform corrosion of iron, the metal is exposed to water and
oxygen which results in rust. In rusting, iron oxidizes to iron (II), and O2 is reduced to
hydroxide. The reduction-oxidation process occurs simultaneously at different locations
(anodic and cathodic sites on Fe metal). Fe2+ and OH– may combine to form iron (II)
hydroxide (Fe(OH)2) on the surface.29

Figure 1.2

1.3

Uniform corrosion of iron metal

Passivation of metals
A parameter called the open circuit potential (OCP) indicates the

thermodynamically tendency of a material (e.g. metal or alloy) to electrochemical
oxidation in a corrosive medium. After a specific immersion time, the OCP stabilizes
around a stationary value. This potential may vary over time because of changes in the
7

nature of a metals surface (e.g. formation of a passive layer).39 The state of corrosion
inactivity of a metal that is made unreactive by a thin inert surface of passive oxide film
is known as passivity.30, 31 Bi, Cu, Fe (in specific environments), Pb, Ni, Ag, Zn, and
many of their alloys form passive films in environments where the corrosion of the metal
would be thermodynamically expected.12, 29
The stability of passive films that are formed can be determined by examining a
polarization plot and location of corrosion potential in a polarization curve.27 In Figure
1.3, a schematic diagram of the anodic polarization process for passive metals such as Bi,
Ag, or Ni in different acidic solutions is presented. Initially, (A), the redox reaction is
created by applying a potential (Eapp) on the metal of interest. Increasing the potential in
the positive direction results in a corrosion potential (Ecorr) eventually being reached
where the metal will actively corrode. As the potential is made more positive, the metal
reaches a limiting current due to reactions-rate or mass-transport limitations (at B on the
anodic polarization curve). At this point, the metal will do one of two things as the
potential is increased: either continuously corrode at a constant current (B to B’) or form
a passive layer (usually an oxide film) which causes a significant decrease in current (B
to C). The formation of oxide film take place at the passivation potential (Epass) or Flade
potential. The current at this point is called the passivation current (Ipass). Different forms
of corrosion (pitting, crevice, uniform, etc.) will occur as the potential is increased (D).
The metal will form thicker films at higher potential if the electrical conductivity of the
passive film is high (C to F). Nevertheless, the metal may continue to actively corrode at
significantly higher potentials (G) in the system (transpassive region of the metal). Above
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this point in the system, oxygen will evolve from the surface as the potential rises (G to
J).27, 30

Figure 1.3

Illustration of polarization for possible anodic metal behavior in aqueous
solution

It has been shown in numerous studies that self-organized oscillations of the
metals that are analyzed in this dissertation can be created by the breakdown/buildup of
passive oxide films formed, and one or more parameters (e.g. the Stoichimetric Region
mechanism for Ni passivation in acidic media). The other parameters may include the
resistance in the system (resistors in parallel or series that are attached to the main
working electrode or CMAS), temperature, concentration, pH of electrolyte used, and
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surface area). The breakdown/buildup process is due to dramatic changes caused by
corrosion on the metal as the potential changes.6
1.4

Oscillations in Chemical Systems
Under the appropriate conditions, metal acid/systems (i.e. iron in H2SO4) have

been known to produce current oscillations under a redox potential, which is primarily
determined by the ratio of the reduced and oxidized forms of the metal ion, and the
concentration of the solution at the electrode interface. Coupled redox reactions are
linked to the formation of chemical oscillations as a specific potential is applied to each
system (Equation 1.1). During this process, the metal (X) is first oxidized until
oxide/hydroxide films (XH) are formed as a result of changes in the concentration at the
surface of the electrode, which is held at specific potentials. Oxides and hydroxides that
are produced start to breakdown (oxidation) as oscillations form and the current
increases. After reaching the maximum current peak in the system, the metal surface is
oxidized, and gases are produced via a reduction process (Y–). The system shifts back to
a lower current level due to oxide/hydroxide film (passivation) being formed again and
the process is repeated.7 The following reactions show the proposed redox process of a
typical metal in acidic solution:
X + Y ⟶ X+ + 𝑌–

(1.1)

Half reaction 1: X ⟶ X + + e− (oxidation)

(1.2)

Half reaction 2: Y + e− ⟶ Y − (reduction)

(1.3)

X + + OH − ⟶ XOH
10

(1.4)

where X is the metal, Y is the species being reduced, and XOH represents the formation
of oxide film.
1.5

Self-Organization
Copper, zinc, iron, lead, bismuth, silver and nickel metals all have the capabilities

to self-organize (oscillate) in electrochemical systems during the corrosion process.6, 7, 40
For example, Figure 1.4 shows the self-organization of Ni in 1 M sulfuric acid which can
be produced by simply changing the resistance in the system. For more than 200 years,
self-organization, which is a phenomena in nonlinear dynamical systems, has been
observed in electrochemical experiments.2, 3, 9, 41 Self-organization leads to variations of
the systems typical characteristics (e.g. transition from non-oscillatory to oscillatory
system) because they are spontaneous, coherent dynamical behaviors of the system’s
components.8, 12, 42, 43 Unique types of self-organization (spatial, temporal, and even
spatiotemporal) are possible in electrochemical systems.6, 8, 41
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Figure 1.4

Changing the resistance to create periodic oscillations of Ni in H2SO4 acid

Note: The scan rate was 10 mV/s, and the temperature was 25 °C. A
Hg/Hg2SO4/saturated K2SO4 electrode (MSE) and a Pt mesh were used as the reference
electrode and counter electrode respectively. (a) Linear sweep voltammogram of a 500
µm diam Ni electrode in 1 M H2SO4 with a 1 kΩ resistor in series (b) Linear sweep
voltammogram of a 500 µm diam Ni electrode in 1 M H2SO4 with a 5 kΩ resistor in
series.
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Several factors play a major role in the self-organization of metals in different
electrolyte solutions during electrodissolution-passivation processes. These factors
include a strong dynamical non-linearity of the system that has a positive or negative
feedback, multiple interactions (change in kinetics), and availability of energy to
overcome the systems natural tendency towards entropy or disorder (balance of
thermodynamics in the system).6 The resistance of some self-organizing systems (e.g.
oscillations of Ni in 1 M H2SO4 or Fe in 1 M HNO3) will be affected (increased or
decreased) as the applied potential is changed.7 This instability occurs when the slope of
a current/potential graph (I/E) is negative. I/E slope is called the negative differential
resistance (NDR). There are three principle causes for a NDR to develop:6, 8, 40
1. A negative dA/dE slope (A is the electrode surface area) will form when
the available surface area of the electrode decreases as the applied
overpotential increases. There are several ways in which this can occur,
for example, when nickel is put in sulfuric acid solution, the metal
becomes passivated with nickel hydroxide.6
2.

A negative dk(E)/dE slope (k(E) is a potential dependent rate constant) is
present. One cause is by potential dependent adsorption of an inhibiting
layer which causes a decrease in the rate of electron transfer (doesn’t
completely hinder the process). A second way is a potential dependent
desorption of a catalyst, which drastically reduces the speed (rate constant)
of the electrochemical process.6

3. A negative di(0)/dE slope (i(0) is the concentration of reducible or
oxidizable species at the reaction site within the electrical double layer at
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the electrode interface) is caused by a difference in the electrical potential
in the bulk electrolyte solution and the electric potential at the reaction
site. This difference is easily achievable in electrolyte solutions with low
ionic strengths.6
Different NDR types, which include N–shaped negative differential resistance (NNDR)41, hidden N-shaped negative differential resistance (HN-NDR),8 or S-shaped
negative differential resistance (S-NDR),6 can form in certain regions of the over
potential which are seen in Figure 1.5a,Figure 1.6, and Figure 1.7a, respectively. N-NDR
occurs when the electrode potential acts as an activator, positive feedback variable, and
S-NDR occurs when the electrode potential acts as an inhibitor, negative feedback
variable.40 The potentiostatic potential oscillations (vertical lines shown in Figure 1.5b)
and potentiostatic current oscillations (not shown) occur around a regime of negative
slope in N-NDR systems (N-type polarization curve). An Fe/H2SO4 system is a system
that illustrates N-NDR.40 On the other hand, N-NDR can be hidden (HN-NDR). In this
case, the HN-NDR is created by a slow charge transfer reaction that masks the fast NDR
chemical reaction (e.g. Ni metal in a H2SO4 solution). As a result, the potentiostatic potential

oscillations occur around the regime of a positive slope (horizontal lines shown in Figure
1.6), and the potentiostatic current oscillations (not shown) occur around a regime of
negative slope in systems with HN-NDR. Figure 1.7 shows a typical S-shaped current
potential characteristic curve and the schematic current-voltage characteristic curve of SNDR oscillators. In systems with S-NDR (S-type polarization curve), the potentiostatic
current oscillations form within the same location of the NDR regime (e.g. Fe in
concentrated HNO3).8, 40 The potentiostatic potential oscillations of systems with S-NDR
14

is not found in a consistent location. It can change for a number of reasons. For example,
an IR drop in a system can change the range in which the oscillations can occur and the
regime location in the process.6

Figure 1.5

(a)Typical N-shaped current potential characteristic (b) schematic currentvoltage characteristic of N-NDR oscillator

Notes: I is the total current in the system. 𝝓𝐷𝐿 , and U are the applied voltage and
electrode potential in the system, respectively.

Figure 1.6

Schematic current-voltage characteristic of HN-NDR oscillator
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Figure 1.7

1.6

(a)Typical S-shaped current potential characteristic (b) schematic currentvoltage characteristic of S-NDR oscillator

Bifurcation Theory
Bifurcation theory is the mathematical background of self-organization. With this

mathematical tool, differential equations for nonlinear systems are linearized (via linear
stability analysis6) and used to determine if a dynamic system will spontaneously
transition from a non-oscillatory steady state to an oscillatory state after the loss of
stability. Different forms of fluctuations will cause the system to be in a sense “stable” or
“unstable” oscillatory states. Bifurcation points are points in a system where the system
can transition into one of two (maybe more) different states.9, 12 These points can cause the
system to be sensitive to fluctuations. At different currents, potentials, concentrations, or
temperatures, the same type of bifurcations (i.e. Hopf, homoclinic, saddle loop, or saddlenode bifurcations) can occur in processes that are completely chemically and physically
different.6, 40
The process being irreversible, the system being completely nonlinear (developing far
from equilibrium), and the presence of an appropriate feedback loop are the three
fundamental conditions of self-organization that must be met in order for bifurcations to
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develop. Specific differential equations are derived and used to define these conditions. If all
the conditions are met, then the self-organization will only depend on the control parameters,
(μ), (potential or current, concentration, pH, temperature, and scan rate) of the experiment.
During electrochemical studies, potentiostatic conditions or galvanostatic conditions can
produce these oscillatory states.6, 12 Figure 1.1a and 1.1b illustrate two types of oscillatory
states (damped and continuous oscillations) produced in potentiostatic conditions as the
potential is increased from 1.2 V to 1.55 V in a nickel/sulfuric acid system, respectively.

1.7

Nonlinear Time Series Analysis
Oscillatory phenomena and other nonlinear phenomena (i.e. spatiotemporal

patterns and bistability) are frequently observed in metal electrodissolution passivating
processes.8 These types of oscillations have been observed since 1828 (i.e. the current
oscillation of Fe in acid solution).12 Since then, progress (e.g. experimental techniques
and data analysis) in the theory of nonlinear dynamical systems has led to the formulation
of advanced theoretical concepts and tools that have been applied to electrochemical
oscillators.44 Several fields of science have been influenced by the paradigm of
deterministic chaos.45 Furthermore, chaotic systems have shown rich and unanticipated
mathematical structures. As a result, a great deal of knowledge has been gained in the
understanding the underlying fundamental principles of nonlinear phenomena observed
in electrochemical processes.8,45,46
1.7.1

Theory
Nonlinear time series analysis theory provides the tools that help to bridge the gap

between experimentally observed irregular behavior (e.g. periodic oscillations) and
deterministic chaos theory.47,48 It does this by allowing the extraction of different
17

characteristic features from the time evolution of collected data (time series data) that
cannot be resolved using the classical linear techniques (e.g. spectral coherence and
power spectrum). This is the reason characteristic quantities (correlation dimension and
largest Lyapunov exponent) can be used to describe temporal evolution of the system
after being derived from differential equations.45 The irregular behavior of the systems
that are not affected by stochastic inputs are explained by the theory of deterministic
chaos.
1.7.2

Phase Space Reconstruction
In 1979, Packard et al. proposed and Takens (embedding theorem) soon after

formalized state-space reconstruction which is the foundation of nonlinear time-series
analysis.45,49,50 This aspect allows for a systematic way to reconstruct (in phase space) the
full dynamics of complicated nonlinear system from a single time series. This
reconstructed phase space is usually referred to as the embedding space.47 It must be
noted that the reconstruction is not identical to the internal dynamics (original time series
data); instead, the reconstruction is topologically conjugate to the true dynamics. The
theory of dynamical systems which describes nonlinear time-series analysis is a time
evolution that is defined in some phase space. For example, they can be expressed by
ordinary differential equations,46
Y = a+h

(1.5)

ẋ(𝑡) = 𝐹(𝑥(𝑡))

(1.6)

or in discrete time t = n∆t by maps of the form
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𝑥𝑛+1 = 𝑓(𝑥𝑛 )
1.7.3

(1.7)

Time Delay
Delay-coordinate embedding is the standard strategy for state space

reconstruction.45,48 Typically, the time series is sampled at multiples of fixed times in the
sequence of scalar measurements of some quantity (e.g. current and potential) in the
following equation:46
𝑠𝑛 = 𝑠(𝑥(𝑛∆𝑡)) + 𝜂𝑛

(1.8)

The method of delays is the most important technique in phase space
reconstruction.51 It involves taking a series of past values (e.g. delayed time series data)
of a single scalar measurement from a dynamical system and used to form vectors that
define points in a new space (Equation 1.9)46
𝑠𝑛 = (𝑠𝑛 – (𝑚 − 1)𝜏, (𝑠𝑛 – (𝑚 − 2)𝜏, … . , (𝑠𝑛−𝜏 , 𝑠𝑛 )

(1.9)

where 𝜏 is the embedding delay (lag) and the number m of element is called the
embedding dimension. Takens’ embedding theorems states that for scalar observation
{𝑠𝑛 } that consists of scalar measurements (under specific genericity assumption) with
states of a dynamical system will have a time delay embedding that furnishes a one-toone image of the original set {x} as long as the size of m is adequate. In order to avoid
redundancy and irrelevance in the embedded space, a suitable time delays must be chosen
which should be based on the type of structure being analyzed. Delays that are too small
will yield strongly correlated vectors elements that fail to reveal all of the structure
perpendicular to the diagonal. Larger time delays will produce vectors whose components
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are either partially or completely uncorrelated. This results in data having a random or
seemingly random distribution in the embedding space.45,46
Mutual information (time delay) as well as the autocorrelation function can be
used to provide important information about reasonable delay time. In 1986, Fraser and
Swinney suggested the timed delayed mutual information as a tool for finding a
reasonable delay.45,52 Mutual information also takes into account nonlinear correlations
and can be compute with the following equation47
𝑆 = – ∑ 𝑝𝑖𝑗 𝑙𝑛
𝑖𝑗

𝑝𝑖𝑗 (𝜏)
𝑝𝑖 𝑝𝑗

(1.10)

where 𝑝𝑖 represents the probability to find a time series value in the i-th interval; 𝑝𝑖𝑗 (𝜏)
represents the joint probability that an observation will be in the i–th interval.
Furthermore, observation time 𝜏 falls into the j–th. After using Equation 1.6 to compute
and graph the statistic (values) that measures the independence of 𝜏-separated points in
the time series, the mutual information occurs at the first minima. If 𝜏 is too small, then
the m coordinates in each of these vectors are strongly correlated which causes the
embedded dynamics to lie close to the main diagonal in the reconstruction space. In order
to prevent problems such as the reconstructed attractor folding over itself as 𝜏 grows, the
optimum 𝜏 is the smallest 𝜏 that will reasonably “unfold” off the subspace. The
autocorrelation function and correlation sum have also been used to estimate 𝜏.
1.7.4

Embedding Dimension
After choosing an optimum value for 𝜏, the next step is to estimate the delayed-

coordinate embedding dimension (m) which is the dimension of phase space where the
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reconstructed dynamics are plotted. The embedding dimension should be the smallest m
that affords the topologically correct results.47 The aforementioned embedding dimension
theorem (Takens) guarantees a proper embedding for every m that is large enough.45
Kennel et al. was the first to introduce the false nearest neighbor (FNN) method
as an efficient tool for determining the minimal required embedding dimension (m) in
order to fully resolve the complex structure of the attractor.45,46,48 In this method, it is
assumed that an attractor of a deterministic system folds and unfolds smoothly with no
sudden irregularities in its structure. With this assumption, the natural conclusion is that
two points that are close in the reconstructed embedding space must stay sufficiently
close during forward iteration.
During this FFN process, the data is embedded and each point ⃗⃗𝑠𝑖 in the time series
looks for its nearest neighbor ⃗⃗𝑠𝑗 in a m-dimensional space. Next, the distance ‖𝑠⃗⃗𝑖 − ⃗⃗𝑠𝑗 ‖
is calculated, both points are iterated, and the normalized distance 𝑅𝑖 is solved (Equation
1.11).46
𝑅𝑖 =

|𝑠𝑖+1 − 𝑠𝑗+1 |
‖𝑠⃗⃗𝑙 − ⃗⃗𝑠𝑗 ‖

(1.11)

If 𝑅𝑖 is larger than a given threshold 𝑅𝑡 , then ⃗⃗𝑠𝑗 is labeled as having false nearest
neighbors. 𝑅𝑖 is calculated for the entire time series and for different m values (e.g. m =
1, 2, 3…) until the fraction points for which 𝑅𝑖 > 𝑅𝑡 is negligible. For the results
obtained with FNN method, the m value at which the fraction of false nearest neighbors
convincingly drops to zero (on plotted graph) is a good estimate of the minimal
embedding dimension.46
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1.7.5

Correlation Dimension
In 1983, Grassberger and Procaccia introduced the correlation dimension which is

the measure of an attractor’s fractal dimension.45, 61 For regular attractors (e.g. set of
finite points on a map of periodic trajectory, torus, or limit cycle), the correlation
dimension is an integer. On the other hand, strange attractors that possess self-similar
structures has a correlation dimension that is a non-integer. The correlation dimension is
estimated from the sampled density of the distance (ϵ) between points of time series that
are reconstructed from delayed embedding parameters (delay 𝜏 and embedding
dimension m)46 in the following equation:
𝐶(𝜖) =

2
𝑁(𝑁 –1)

𝑁
∑𝑁
𝑖=1 ∑𝑗=𝑖+1 𝛩(𝜖– ‖𝑥𝑖 – 𝑥𝑗 ‖),

(1.12)

where 𝐶(𝜖) represents the fraction of pairs of data points in the m-dimensional
embedding space whose spatial distance (measured by maximum norm or the Euclidean
norm) is smaller than the scale ϵ. Θ represent the Heaviside step function, Θ(x) = 0 if x ≤
0 and Θ(x) = 1 for x > 0.The sum counts 𝑥𝑖 and 𝑥𝑗 pairs whose distance is smaller than
ϵ. This number scales as 𝜖 𝐷 when m > 𝐷. The C is expected to scale by Equation 1.13 in
the limit of an infinite amount of data and a small ϵ.45 The correlation dimension (D) is
defined by Equation 1.14
C(ϵ) ∝ 𝜖 𝐷
𝑑(𝑁, 𝜖) =

𝜕𝑙𝑛𝐶(𝜖, 𝑁)
,
𝜕𝑙𝑛𝜖

𝐷 = 𝑙𝑖𝑚 𝑙𝑖𝑚 𝑑(𝑁, 𝜖)
𝜖→0 𝑁→∞
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(1.13)
(1.14)

1.7.6

Largest Lyapunov Exponent
When the exponential growth of infinitesimal perturbations and global folding

mechanism arise from chaos, a guaranteed boundedness of the solution occurs. The
maximal Lyapunov exponents spectrum characterizes this exponential instability.45 The
maximal Lyapunov exponent does not need the explicit construction of a model for a
time series in order to be determined (Equation 1.15). In order to calculate the largest
Lyapunov exponent, the expansion rate has to be estimated by calculating the logarithm
of the mean difference between points which were initially in the neighborhood of a
reference point and finally also averting over these points in the following46,48
𝑁

1
1
)∑
𝑆(∆𝑛) =
∑ 𝑙𝑛 (
|𝑠𝑛0 + ∆𝑛 – 𝑠𝑛 + ∆𝑛|
|𝒰𝑠𝑛 |
𝑁
𝑠𝑛 𝜖𝒰(𝑠𝑛0 )

(1.15)

𝑛0 =1

where reference points 𝑠𝑛0 are embedding, and 𝒰𝑠𝑛 represents the neighborhood of 𝑠𝑛0
with diameter 𝜖. It must be known that the last element of 𝑠𝑛0 is 𝑠𝑛0 where 𝑠𝑛0 + ∆𝑛 is
outside the time span covered by the delay vector 𝑠𝑛0 . If 𝑆(∆𝑛) exhibits a linear increase
that has an identical slope for all m larger than some initial 𝑚0 and for a reasonable range
of ϵ, then this slope can be taken as an estimate of the maximal exponent.45
1.8

Theory and Background for In-situ Induction Heating of Electrodes
Temperature effects in self-organizing system have been shown to have major

influences on the types and locations of oscillations produced. This has led to an
increased interest in applying different temperatures to entire bulk solutions during
electrochemical studies.54 By taking this approach, all the electrodes in the system are
typically affected and shift from their natural temperature characteristics. This leads to
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inaccurate results of how the system “truly” reacts to temperature change. Recently,
inductive heating systems have been created that can adequately heat the working
electrode locally while keeping the rest of the solution at ambient temperatures in order to
measure local temperature profiles.55
In our lab, an inexpensive, easy to use, durable, and tunable RF induction heating
system that has allowed us to study electrochemical phenomena (e.g. the heating
properties of different metals and glassy carbon, oxygen reduction reactions (ORR), and
the use of a stripping passivating substance to activate the electrode surface) was recently
developed.56 In this dissertation, a 250 µm diam Ni electrode was studied to investigate
induction heating phenomena by using [Ru(NH3)6]3+ as a redox mediator. The induction
heating properties of Ni and the current oscillations produced in an acid solution were
studied via voltammetry techniques including cyclic voltammetry (CV), linear sweep
voltammetry (LSV), and temperature pulse voltammetry (TPV).
1.8.1

The kinetics and thermodynamics of non-isothermal cells
In non-isothermal electrochemical cells, the measured potential will change when

measured vs standard hydrogen electrode (SHE). Electrochemical or chemical reactions
free energies (∆G°) are associated with entropy and are expressed as the following57, 58
∆𝐺 = ∆𝐻° + 𝑇∆𝑆
𝐸° =

– ∆𝐺°
𝑧𝐹

(1.16)
(1.17)

where ∆G° represents Gibbs free energy change (standard), ∆H represents enthalpy, T
represents temperature, and ∆S represents entropy. In Equation 1.17, E° represents
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electromotive force, ∆G° represents Gibbs free energy change, z represents the number of
electrons transferred, and F represents the Faraday constant.
Temperature values of heated wires and compact heated electrodes are measured
by means of the temperature dependence of standard potential of reversible redox
species. The potential of the heated wire or electrode changes due to the changes in
temperature, which leads to changes of the open circuit potential of the reversible redox
species. As a result, the exact electrode temperature can be calculated by using the
temperature coefficient (e.g. temperature coefficient for the one electron reduction of
[Ru(NH3)6]3+ in aqueous 0.1 M KCl is 0.46 mV/K).57
Thermal diffusion and the electrochemical Peltier effect are important
phenomenon in modern thermoelectrochemistry processes.57 In non-isothermal cells,
thermal diffusion is a relative motion of the components which causes a disturbance of
the homogeneity of a mixture’s composition in solution that is established when there is a
temperature gradient (regions of increased and decreased temperatures) in a medium
(solution). The electrochemical Peltier heat (Π) occurs when the electrical current
flowing through a junction that connects two materials (e.g. inductively heated wires and
working electrodes) emits or absorbs heat per unit time at the junction to balance the
difference in chemical potential of the two materials.59 Π is also related to the change in
entropy of oxidation and reduction reactions (Equation 1.18). Furthermore,
electrochemical reactions can reproduce the entropy (∆S) at different temperatures
(Equation 1.19).57
𝛱 = – T(∆𝑆ox + ∆𝑆°)
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(1.18)

∆𝑆ox = 𝑆ox – ∆𝑆Red + 𝑆e

(1.19)

where 𝑆𝑜𝑥 , 𝑆𝑅𝑒𝑑 , and 𝑆𝑒 are the entropy of oxidant, entropy of reductant, and entropy of
transferred electron, respectively. The transport number is associated with the entropy
change number of a species (Equation 1.20).
∆𝑆 ∗ = ∑

𝑡𝑗 𝑆𝑗⋇
𝑆𝑗

+ 𝑆𝑒∗

(1.20)

In Equation 1.20, 𝑆𝑗∗ is the entropy, and 𝑡𝑗 is the transport number of species j that is part
of the electrochemical reaction.
1.8.2

Theory and key principle of induction heating
The induction heating process is defined as the heating of a workpiece that has an

induction coil wrapped around it (Figure 1.8). Eddy current and hysteresis loss are
responsible for the heating of the workpiece during the induction heating process.
Faraday’s Law states that alternating magnetic fields are induced in the workpiece when
an alternating voltage is applied to an induction coil. This alternating voltage (alternating
flux) opposes the change in direction of the magnetic field and creates a current called
eddy current.60 Heat is generated as a result of resistance and high current density in the
small work piece (electrode). This process is known as Joule heating. Heat is conserved
as heat as both magnetic hysteresis and eddy currents occur simultaneously. This process
occurs when a ferromagnetic material is used as a work piece.60
A magnetic field is generated in a workpiece that has a coiled wire around it. This
can be calculated by using Ampere’s law (Equation 1.21) where B represents the
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magnetic field strength. µ0 represents the magnetic permeability in a vacuum, and this
value is set as 4π × 10–7 Henries per meter (H 𝑚–1 ). Lenz’s law states that the magnetic
field opposes the induced magnetic field or resists the change. The change relies on the
magnetic flux (Ф𝐵 ) that changes the time (Equation 1.22). At the electrode surface, eddy
currents are generated and dissipates as heat. The process occurs according to Joule’s
Law (Equation 1.23).
∮ 𝐵 × dƖ = 𝜇0 × l
𝛦(𝑉) = –
𝑃=

𝑑𝜙𝐵
𝑑𝑡

𝑉2
𝑅
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(1.21)
(1.22)
(1.23)

Figure 1.8

Induction heating process, alternating magnetic field, and eddy current
contribution in order to produce heat.

In Equation 1.19, P is the heat, V is the potential difference, and R is the
resistance. The physical properties (magnetic permeability (µ𝑟 ), conductivity, and
resistivity) determine the amount of heat produced in a metal electrode. As the resistance
(resistivity property) increases, more heat will be produced by eddy currents. Skin depth
should be taken under consideration in induction heating. Due to the skin depth ẟ𝑠 , a high
frequency current must be generated to heat a small diameter working electrode
(workpiece). An exponential decrease in current density from the surface to deeper parts
of the work piece can be expressed in the following equation.57

28

𝐼 = 𝐼𝑠 𝑒

–

𝑑
𝛿𝑠

(1.24)

where I is the current in any depth (d), and Is is the current in the surface. Another way to
define skin depth is when greater than 80% of current is present from surface to the depth
of working metal piece. In this case, the skin depth depends on the physical properties of
the workpiece and follows Equations 1.25 and 1.26.57
𝑝

𝛿𝑠 = √𝜔𝜇

0

1

𝛿𝑠 = √𝜋𝜎𝑓

(1.25)
(1.26)

p represents specific resistance, ω represents the angular frequency of AC, f represents
frequency of alternating current, and σ represents the conductance. The specific
inductance must be calculated in our induction heating arrangement in order to find the
resonance frequency (f). The capacitor (C) and inductor (L) were put in parallel positions
to each other and connected to a RF voltage source which is shown in Figure 1.9. The
resonance frequency (f) can be calculated by using Equation 1.27.57
𝑓=

1
2𝜋√𝐿𝐶

(1.27)

Another factor in the electrochemical internal circuit that is responsible for
changing resonance frequency is the type of workpiece which affects L because in our
arrangement length of the coil is fixed. The result of this is the resonance frequency will
shift according to the intrinsic properties of the workpiece.57
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Figure 1.9

Electrical schematic of the induction heating system

The inductance (L) depends on the magnetic permeability (𝜇𝑟 ) and can be
expressed as:
𝐿=

𝑁 2 𝜇𝑟 𝑢0 𝐴
𝑙

(1.28)

where N represents the number of turns in the induction coil, l represents the length of the
coil, µ0 represents the magnetic permeability in vacuum, and A represents the crosssectional area of induction coil. For ferromagnetic materials with high relative magnetic
permeability, a higher inductance value that requires a lower resonance frequency is
developed.57
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1.9

Coupled Microelectrode Array Sensor
Multielectrode systems have been used for corrosion and electrochemical studies

for over five decades.18 In 1977, the first coupled multielectrode systems (also known as
wire beam electrodes) that had multiple metallic electrodes (same metal or alloyed
metals) integrated together through external circuit, electrically insulated, and the same
potential applied to all the wires was used as a high output device for measuring pitting
corrosion.4, 16, 27 In 1984, the first multielectrode array system with multiple electrodes
arranged in distinct patterns (for example, 10 × 10, 2 × 2, and 5 × 4 array) and
individually addressable was created for electronic devices.16, 17, 19 An uncoupled
multielectrode array system for corrosion studies was first used in 1991, and five years
later the first coupled multielectrode array system that simulated a one-piece metal
electrode was used to study the corrosion of iron in sulfuric acid solutions. Recently,
coupled multielectrode array sensors (CMASs) have been developed for quantitative,
localized, online and real-time monitoring of corrosion, and electrodissolution processes
in academic, laboratories, and industrial fields.4, 16, 27 CMASs can be made of metal wires
that are identical, dissimilar, galvanized, heat-treated, or stressed metal materials.27
The operating principle of a CMAS is simulating a traditional one wire electrodes
of the same size.16, 26 A CMAS is preferred over the traditional one-piece metal electrodes
and other corrosion measuring techniques in studies of heterogeneous corrosion because
the device can simultaneously measure the exact electrochemical parameters from exact
locations of the electrode surface, distinguish the cathodic and anodic sites clearly,
measure the kinetics of heterogeneous electrochemical processes, and monitor the current
behavior of each individual electrode.14, 17, 27
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The schematic diagram for a comparison between a single wire electrode (only
one metal piece) and CMAS system (multiple metals pieces) for the current or potential
measurements of the circuit is shown in Scheme 1.1.14, 27 As heterogenous (non-uniform)
corrosion occurs on a single working electrode, electrons flow from the small area anodic
sites (oxidation) to the larger area cathodic sites (reduction). A few electrodes on a
CMAS will have the same properties that are similar to the anodic sites while the rest of
the electrodes will have properties similar to the cathodic sites of a corroding one-piece
metal. The electrons are externally forced to flow through the external circuit to the
cathodic electrodes after they are released from the anodic electrodes. As a result,
electrodes on the array that corrode the most will have anodic current flowing through
them. All of the other electrodes with little or no corrosion will have cathodic current
flowing through each electrode. A potentiostat can be used to measure this current flow,
and electrochemical spatial patterns of the array can be determined.27
CMAS have electrodes (metallic wires) that have a smaller surface area than the
area of the total working electrode area.62 As a result, the corrosion and electrochemical
processes that occurs on the surface of each electrode is considered to be uniform in all
situations.4, 27 Furthermore, the theories and techniques for these electrochemical studies
which are based on uniform electrochemical processes can be directly applied to each
wire in an integrated CMAS.27 17
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Scheme 1.1

Localized corrosion monitoring schematic diagram showing the principles
of a single electrode vs CMAS

The amount of literature on electrochemical studies performed with CMASs has
significantly increased over the last two decades.27, 62 Even with this increase, there is still
a gap in literature where papers that detail the steps for making inexpensive, durable
CMASs systematically should be written. In order to help fill this gap, this dissertation
will discuss a step by step process for making close-packed 10 ×10 coupled copper
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microelectrode array sensors (Cu CMASs) that can be modified by changing the number
of electrodes and the copper wire size. This work also details ways to make new CMASs
by electrodepositing other metals on the surfaces of the CMAS. Furthermore, results from
all of these electrochemical experiments will be presented.
1.10

Goals and Scope of the Current Dissertation
The main goals of this dissertation are:
1. Controlling or perturbing the current oscillations of Ni/H2SO4, Fe/H2SO4,
Fe/PO4, Fe/HNO3, and Fe/HClO4 systems by using an external 300 µm
diam Pt electrode to locally change the chemical environment at the
working Ni electrode.
2. Controlling or perturbing the current oscillations of Ni/H2SO4 system by
using an induction heating system to locally change the temperature at the
working Ni electrode.
3. Fabricating an inexpensive, and durable, full cell, 10 × 10 coupled Cu
microelectrode array sensor in a systematic way for the electrochemical
study of corrosion processes
4. Using the Cu CMAS as a substrate to create new Ni, Fe, Bi, Pb, Zn, and
Ag CMASs via electrodeposition.
5. Controlling or perturbing the current oscillations of all metal CMAS
systems by using an external 300 µm diam Pt electrode to locally change
the chemical environment at the CMAS surface and performing corrosion
studies on different metal CMASs.
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Chapter I of this dissertation describes an overview of electrochemical oscillatory
systems that form during the dissolution of metal electrodes. It continues by giving a runthrough of corrosion problems and describes the different forms of corrosion that occur
on passive metals in different environments. The fundamentals of metal passivation and
self-organization are also described. It continues by discussing the background, theory,
and fundamentals of heated electrodes and induction heating systems. This chapter
discusses the temperature pulse voltammetry and Nonlinear Time Series analysis. Some
fundamental and background information about CMAS is described in this chapter.
Chapter II shows the experimental results of external forcing during potentiostatic
experiments where a Pt electrode was used to change the proton concentration at a Fe
electrode in four different acidic solutions. Furthermore, the experimental setup and
analysis process for the production and control of Fe periodic oscillations will be
discussed. This section concludes with the goals and scope of this investigation.
Chapter III presents the construction of the Ni and Pt electrodes used in
potentiostatic experiments. The experimental setup for the same experiments is also
discussed in this chapter. The results from external forcing by changing the proton
concentration locally at the Ni electrode and the analysis of the results by using the
Nonlinear Time Series Analysis approach are presented in this chapter as well.
Chapter IV details the development and principles of the Ni working electrode, an
induction heating apparatus, and the induction heating system used for temperature pulse
voltammetry, cyclic voltammetry, linear sweep voltammetry, and potentiostatic
experiments that were performed. This section also discusses experimental setups for the
same experiments. The experimental results from external forcing by using induction
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heating to locally change the temperature at the Ni electrode in the Ni/H2SO4 oscillating
system are presented in this section as well.
Chapter V focuses on the fabrication of copper coupled microelectrode array
sensors and using them as substrates to make other metal sensor arrays. A detailed step
by step description of how to fabricate these devices is given in this chapter. The
apparatus setup and the electrodepositions of Ni, Bi, Fe, Pb, Zn, and Ag on the Cu CMAS are
discussed. The apparatus setup for all the potentiostatic experiments are discussed. The
results from cyclic voltammetry and potentiostatic experiments are discussed also.
Chapter VI shows the results of externally forcing the bare CMAS and coated metal
CMAS systems fabricated in Chapter IV. This chapter also discusses the experimental setup
use for CV and potentiostatic experiments. Additionally, the results from external forcing

by changing the proton concentration locally at all the CMAS surfaces and the analysis of
the results by using the Nonlinear Time Series Analysis approach are presented.
In Chapter VII, the overall conclusions are made about the goals and objective
that were obtained. This chapter describes some future work to be performed on different
metals in order to expand the work done in Chapters II and V. Some addition goals for
using the external forcing techniques presented in this dissertation and CMASs are
presented as well.
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CHAPTER II
EXTERNAL FORCING OF CURRENT OSCILLATIONS IN ACIDIC SOLUTIONS
DURING Fe PITTING CORROSION
2.1

Abstract
The control of regular current oscillations of Fe in 0.5 M HClO4, HNO3, H3PO4,

and H2SO4 solutions was studied as a function of local change in the electrolyte
concentration during electrodissolution-passivation processes. The formation of a surface
film was correlated with the current oscillations (frequency and amplitude) according to
the amount of external forcing with cathodic or anodic current that was applied to the Pt
electrode at the Fe electrode surface in each system. The analysis of results indicates that
during the complicated buildup/breakdown/reactivation process, the thin oxide film on
iron is dramatically altered as the concentration is changed locally in different acidic
solutions. Moreover, with the increase of external forcing anodic current, a decrease of
the period of current oscillations and an increase in current oscillation amplitudes were
observed. Finally, it was shown that sustained current oscillations can be induced in
potential regions that are known to not form current oscillations, and current oscillations
can be terminated in regions that produce continuous current oscillations in acidic
solutions.
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2.2

Introduction
The current oscillations of Fe during the electrodissolution/passivation process in

acidic electrolyte solutions was reported as early as 1828 by Fechner.1 Soon after, Joule
reported the electrodissolution of Fe in H2SO4.2 Since then, major theoretical and
observational advances in the study of non-linear electrochemical oscillating systems
have occurred, and there is a better understanding of the fundamental principles
underlying the nonlinear phenomena observed in electrochemical processes. These
advances in knowledge are mainly due to advances in the field of nonlinear dynamics and
of course improvements in technology (computers, software programs, and electrode
fabrication processes).3, 4 Over the last four decades, numerous metal/electrolyte and
metal alloy/electrolyte systems that are capable of producing current and potential
oscillations during electrodissolution and depositions processes have remained the
subject of intensive studies in literature.5-10 Oscillation phenomena have been reported in
different acidic, basic, non-basic/non-acidic, and organic electrolyte solutions.11-18 Of the
oscillations reported for Fe in different electrolytes, the Fe/H2SO4 solution system has
been most widely analyzed.19-24 It has been suggested that the unique oscillatory
phenomena occurs mainly as a result of the corrosion/passivation process of Fe in H2SO4
medium.25-27
The corrosion resistance of Fe depends on the formation of oxide and hydroxide
films produced in acidic solutions. When Fe is placed in acid solution under
potentiostatic or galvanostatic control, three parallel reaction processes, the dissolution of
Fe, the evolution of hydrogen gas, and the reduction of water molecules, will occur as
shown below:28
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Oxidation: Fe(s) → Fe2+ + 2e−

(2.1)

Reduction: 2H + (aq) + 2e− → H2 (g)

(2.2)

Reduction: 2H2 O (ℓ) + 2e− → H2 (g) + 2OH− (aq)

(2.3)

Furthermore, the reduction of hydrogen and formation of hydroxide, which leads
to a decrease in proton concentration in the vicinity of the surface, may result in the
formation of Fe(OH)2 on the electrode surface.29, 30 In the presence of oxygen, the anodic
dissolution (corrosion) of iron produce FeOOH according to Equation 2.5 and 2.6.
FeOOH could be reduced to Fe3 O4 (Equation 2.7).
Oxidation: Fe(s) → Fe2+ + 2e−
3
1
Fe2+ + 𝑂2 (g) + H2 O (ℓ) + 2e– → FeOOH(s)
4
2

(2.4)
(2.5)

Reduction: O2 (g) + 2H2 O(ℓ) + 4e– → 4OH −

(2.6)

8FeOOH(s) + Fe2+ + 2e– → 3Fe3 O4 (s) + 4H2 O(ℓ)

(2.7)

During the electrochemical experiments mentioned above, the oxide film formed
on the Fe surface typically goes through a spontaneous build up/break down process as
different potentials are applied in the system. These many processes push the Fe/acid
system far from thermodynamic equilibrium and produce unique periodic current
oscillations in the system. A proposed mechanism for the electrochemical coupled
reaction of metals in acidic solutions that occurs during the formation of oscillations was
introduced in Chapter I. Kado and Kunitomi proposed a mechanism for the coupled
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reaction of Fe in H2SO4 which had three intermediate processes associated to the
formation of oscillations (Equations 2.8 – 2.12). The Fe oscillations started after applying
a constant potential to the Fe working electrode, which activates the electrode. The
current drops in the system as a result of a passive film (precipitated FeOH) formed on
the surface (Equation 2.8). The Fe oscillations start at the active-passive transition state.
The current increases suddenly from the passive state and a rapid decrease in current is
observed after reaching a higher current value (oscillation peak). The current starts to
rapidly decrease at this point (Equation 2.11). The system reaches the initial current level
produced as a result of iron hydroxide film formation and the process (oscillation
formation) starts all over again (Equation 2.12).20,31
Fe (s) + H2 O (ℓ) ⟶ (FeOH)ads + H + (aq) + e−

(2.8)

(FeOH)ads + H2 O (ℓ) ⟶ [Fe(OH)2 ]ads + H + + e−

(2.9)

Fe (s) + [Fe(OH)2 ]ads ⟶ {Fe[Fe(OH)2 ]}ads

(2.10)

{Fe[Fe(OH)2 ]}ads ⟶ FeOH + + (FeOH)ads + e−

(2.11)

2+
Fe(OH)+ + H + ⟶ Feads
+ H2 O (ℓ)

(2.126)

Beck studied the formation of salt films on Fe in H2SO4, HClO4, and HCl
solutions.32 The study suggested that after the formation of a ferrous salt film in the
prepassive potential region of Fe/acid systems, the salt films become porous in the area
where it is exposed. This change was indicated as the possible cause of the current
oscillation phenomena occurrence. In another study, Diem and Hudson showed the
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existence of simple and chaotic Fe oscillations in H2SO4 during the electrodissolution
process at the limiting current plateau.33 Wang et al. studied the anodic behavior of
Fe/H2SO4 systems using holographic microphotography and suggested that the formation
of Fe3O4 and Fe(OH)2 coupled with the changing in local concentration in the vicinity of
the surface maybe the main cause of the current oscillations.20, 33
Although, a great amount of information has been gathered on the Fe/acid
systems corrosion and oscillatory processes, there is a lot more that can be learned about
these systems. Recently, external forcing techniques have been used to control the current
oscillations produced in metal/electrolyte systems.34-40 With these techniques, small
changes are typically applied to metal oscillating systems via manipulation of control
parameters (current, potential, external resistance, concentration, scan rate, stir rate, etc.)
of the entire system and the results from those changes are measured. Kiss et al. recently
used external forcing by changing the potential, resistance and/or electrode size to show
that bursting oscillations in Fe/H2SO4 system can be created by superimposing fast
periodic spiking on chaotic oscillations that have a slow and high frequencies.41 Beni and
Hackwood characterized the oscillations at the active-passive transition region in the
Fe/H2SO4 system by using chaotic parameters.26
This chapter reports on current oscillations of Fe/acid solution systems (HClO4,
HNO3, H3PO4, and H2SO4) that were observed with an external technique forcing, which
used electrolysis (i.e. proton reduction (Equation 2.13) and water oxidation (Equation
2.14)) at an external Pt electrode to change the concentration (reduce or oxidize the
protons created during oscillation formation) of electrolyte solution at the Fe electrode
surface, that can control the oscillation phenomena produced in four different Fe/acid
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solution systems. The correlation between iron oscillations and surface changes before,
during, and after the external forcing technique was applied is expected to provide more
clues about the origin and fundamentals of current oscillations during the iron
passivation/electrodissolution/repassivation process. This work also demonstrates how
our external forcing technique can be used to transition from damped current oscillations
to various levels of continuous current oscillations by applying periodic perturbations to
control the local concentration at the Fe working electrode.
Reduction: 2H2 O (ℓ) + 2e− → H2 (g) + 2OH− (aq)
1

Oxidation: 2OH− (aq) → H2 O (ℓ) + 2 O2 (g) + 2e−
2.3
2.3.1

(2.13)
(2.14)

Experimental
Materials
All chemicals used were of analytical grade and were used as received without

any further purification. All solutions were prepared using 18.2 MΩ-cm distilled and
deionized water (MilliQ, Millipore). 1 mm diam iron wire (99.9%) was purchased from
Sigma Aldrich. 300 µm diam platinum wire (99.9%) was purchased from Alfa Aesar.
Epoxy resin was purchased from Miller-Stephenson. Triethylenetetramine (TETA)
hardener mixture was purchased from Dow Chemical Company.
2.3.2

Experimental Setup
Fe and Pt electrodes were constructed by embedding them in epoxy resin and

hardener mixture with only the end of each electrode exposed to solution. Both electrodes
were polished with a series of SiC sandpapers of different grit sizes (240, 400, 800, and
1200), sonicated in acetone for 20 s, and rinsed with distilled water before each
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experiment. A typical three-electrode electrochemical cell, which consisted of the Fe
working electrode (WE), a carbon rod counter electrode (CE), and a
Hg/Hg2SO4/saturated K2SO4 reference electrode (RE), was used for all experiments. The
electrochemical cell consisted of a Teflon cup with a hole in the bottom in which to press
fit the test electrode. All potentials reported in this study are with respect to a Hg/Hg2SO4
reference electrode. A 300 µm diam Pt electrode was used as the external forcing
working electrode (WE), and a carbon rod was used as the external forcing counter
electrode (CE).
All experiments were performed with a CH Instrument 620A system (CH
Instrumental, Inc.), which was interfaced to a computer. CV and potentiostatic steps
(current-time series measurements) were performed on the working Fe electrode under
stagnant electrolyte solution conditions at a temperature of 22 °C in a temperaturecontrolled laboratory. The sampling interval used for measurements was 0.001 s. During
CV sweeps, the potential was scanned positively from – 0.5 V to 0 V vs saturated
Hg/HgH2SO4 reference electrode, then scanned negatively back with a sampling interval
of 0.001 s and scan rate of 2 mV/s for the measurements. Potentiostatic steps with
external forcing were performed by applying a constant potential between –0.50 V to –
0.10 V to each Fe/acid system to produce continuous current oscillations in each
electrochemical system. An external two electrode system (300 µm diam Pt and a carbon
rod) was added in the electrochemical cell, and the Pt external forcing electrode was
placed 2 mm above the center of the Fe working electrode at a 45° angle for all external
forcing experiments. A home-built battery powered device was used as a current source
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for the external forcing electrode. The complete electrochemical experiment is shown in
Figure 2.1.

Figure 2.1

Complete electrochemical setup for all potentiostatic experiments with
external forcing.

Notes: A 1 mm diam Fe electrode (WE), Hg/Hg2SO4/saturated K2SO4 (MSE, RE), and a
carbon rod (CE) were connected to a potentiostat controlled by a computer.
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2.4
2.4.1

Results and Discussion
Cyclic voltammetry on Fe in acidic solutions and photomicrographs
This investigation began by exploring the oscillation phenomena of Fe in 0.5 M

HClO4, HNO3, H3PO4, and H2SO4 solutions produced during the forward and reverse
cyclic voltammetry sweeps. A slow scan rate of 2 mV/s was used to obtain CV curves
close to stationary, steady states. The overlaid forward and reverse CV sweeps of the Fe
electrode in the acidic solutions are shown in Figure 2.2.
The CVs that were produced are complex. During the forward sweeps, a stable
current was produced on Fe in 0.5 M HClO4, HNO3, H3PO4, and H2SO4 solutions in the
mass-transfer limited-current region. Only the Fe/HNO3 system produced current
oscillations. At a potential of -0.335 V, these current oscillations emerged and continued
until they terminated at a potential of -0.252 V. The CVs of Fe in all four solutions shows
a sudden current drop to near zero at specific potentials (i.e. the Flade potential) in each
of the systems. The drop in current indicates passivation of the Fe electrode, which
literature suggests is due to the formation of different Fe salts on the surface.23, 31, 40, 43, 44
The passivation (limiting current region) of the Fe electrode in all four solutions
continued during the reverse scans. Current oscillations formed for Fe in 0.5 M HClO4,
H2SO4, and HNO3 solutions during the reverse CV sweep. The CV sweeps in the Fe/0.5
M H3PO4 did not produce current oscillations during the reverse sweep. However, it has
been shown in literature that the Fe/ H3PO4 system produces current oscillations in higher
concentration solutions.45 Experiments to support this are shown in the Appendix section
(Figure A.1).The lack of current oscillations being produced during the forward sweeps
in both the Fe/H2SO4 and Fe/HClO4 systems implies that a passive film (salt layer) must
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be created on the electrode surface before each system is capable of obtaining nonlinear
dynamical responses.

Figure 2.2

Cyclic voltammetry of different 0.5 M acids on a Fe electrode at 22 °C

Notes: a) forward sweeps and b) reverse CV sweeps.
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Comparison of the overlaid CVs during the reverse sweeps indicated that the
types of oscillations produced are completely different, and the oscillation ranges of the
three systems are different (Figure 2.2b). The current oscillations produced at the Fe
electrode in 0.5 M HNO3 solution (blue line) are compact and chaotic. These oscillations
occur in the potential range of -0.35 V to -0.236 V. The current oscillations produced in
the Fe/HClO4 system (black line) are broader with smaller current amplitudes than the
other current oscillations, and they occur within the potential range of -0.435 V to -0.247
V. The current oscillations in the Fe/H2SO4 system (red line) have larger current
amplitudes than the other current oscillations, but they were not as broad as the current
oscillations produced in the Fe/HClO4 system. The current oscillations in this system
occurred within the range of -0.48 V to -0.25 V. After the current oscillations terminate,
each system reached the mass-transfer limited-plateau for the rest of the reverse CV
sweep. The CV sweeps of Fe in 1 M HClO4, HNO3, H3PO4, and H2SO4 solution were
also performed for comparison purposes (Figure A.1). Unlike the CV sweeps performed
in 0.5 M acidic solutions, current oscillations were produced during the forward and
reverse sweeps in all solutions. The current oscillations produced were larger and had
wider potential ranges as well.
Before and after CV experiments, photomicrographs were taken of the surface to
help determine how the Fe electrode surface was affected by the current oscillations over
time (Figure 2.3). Figure 2.3a and Figure 2.3c shows the typical Fe surface immediately
after polishing of the Fe WE. Figure 2.3b and Figure 2.3d show the Fe electrode surface
after CV experiments. Small pits occur all over the electrode surface. These results were
consistent for all CV experiments performed on Fe in each electrolyte solution. (Similar
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results were seen after potentiostatic experiments as well.) Numerous studies have shown
that pitting corrosion is the main form of corrosion on Fe in acidic media and may be
linked to the oscillatory phenomena that occur in these systems.22, 23, 32 46, 47

Figure 2.3

Typical photomicrographs of Fe surface before and after electrochemical
experiments in 0.5 M HNO3 solutions

Notes: The micrographs represent a) smooth, shiny surface before experiments, b) pitted
surface after experiments, c) higher magnification micrograph of Figure 2.3a, and d)
higher magnification micrograph of Figure 2.3b
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2.4.2

Potentiostatic studies to produce Fe current oscillations during external
forcing in acidic media
Potentiostatic steps were also performed on the Fe WE in each acidic solution to

determine the ranges of the current oscillations, type of current oscillations produced, and
the regions of interest (not shown). The applied potential that produced self-sustained
current oscillations was chosen for experiments with the Fe WE in all solutions. During
all external forcing experiments, the potentials applied to the Fe WE in 0.5 M HNO3,
H2SO4, HClO4, and H3PO4 solutions were -0.30 V, -0.20 V, -0.35 V, and -0.25 V,
respectively. Five external forcing experiments for Fe in each solution were performed by
applying 1, 2, 4, 6, or 8 mA of external forcing cathodic and anodic current to the
external Pt electrode to generate concentration change at the Fe WE surface during each
run. Electrolysis at the Pt electrode causes these processes to occur as a certain current is
passed through. External forcing cathodic current was applied to the Pt electrode to
decrease the proton concentration by producing hydrogen gas, and anodic current was
applied to the Pt electrode to increase the proton concentration by splitting acid solution
to produce more protons and oxygen gas.
In a separate set of experiments, an attempt to produce sustained current
oscillations in non-oscillatory regions, potential regions that produced damped current
oscillations were selected. Potentiostatic experiments were performed with a certain
amount of external forcing anodic current (1, 2, 4, 6, 8, 9, or 10 mA) applied to the Pt
electrode to change the concentration at the Fe WE surface. All experiments were
repeated multiple times with freshly polished electrodes and fresh electrolyte; all the CVs
and potentiostatic experiments showed the same trends with high reproducibility. After
all experiments were performed, the amplitude and frequency of all current oscillations
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were calculated (Table A.1 – Table A.7 in the Appendix). External forcing cathodic
current was not applied to the Pt electrode at the Fe WE surface during potentiostatic
experiments in typical non-oscillatory regions because significant changes (e.g. decrease
in current amplitude or frequency of oscillations) in current oscillations cannot occur if
no oscillations exist prior to external forcing.
2.4.3
2.4.3.1

Electrochemical behavior of Fe/0.5 M HNO3 system with external forcing
External forcing in a self-sustained-oscillation potential region
The effect of applying different amounts of external cathodic and anodic currents

(1, 2, 4, 6, and 8 mA) to a 300 µm diam Pt electrode located 2 mm above the Fe WE
surface in 0.5 M HNO3 during a potentiostatic step is shown in Figure 2.4. In Figure 2.4a,
the current-time series data where an external forcing current of 8 mA (cathodic and
anodic) was applied is shown. The onset of continuous current oscillations of Fe were
first produced by applying a constant potential of -0.30 V to the Fe/HNO3 system. After
130 s, 8 mA of anodic external forcing current was applied to the Pt electrode at the Fe
WE surface. The current behavior within the system changed with a significant increase
in the amplitude of the current oscillations. This indicates a significant change in
behavior due to the proton concentration change. External forcing was stopped at 210 s,
and the system slowly transitioned from the increased oscillation state back to the
original oscillatory state. 8 mA of external forcing cathodic current was applied to the
system at 300 s, and the self-sustained current oscillations were completely terminated.
After stopping the external forcing, the system started oscillating again, but the amplitude
of the current oscillations remained smaller than the original current oscillations
produced in the system for the rest of the measurement. This indicates that the
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concentration changed at the Fe WE, and the activation-passivation process on the
electrode surface was significantly hindered (kinetically or chemically) to a point where
the buildup of oxide film on the surface could not be disrupted enough to produce the
oscillations in the original oscillatory current region. Another reason for these results
could be pitting corrosion on the electrode surface which would create more surface area
and require that higher potentials be applied to the system to produce the original current
oscillations.
Figure 2.4b shows the time series data of current for the external forcing
experiments with 6 mA of cathodic and anodic current applied to the Pt electrode to
change the proton concentration at the Fe WE surface in 0.5 M HNO3 solution. The same
trends observed after applying 8 mA of external forcing anodic current was also produced
after applying 6 mA of anodic current to the Pt electrode at the Fe WE surface. The
oscillations increased in current amplitude size during the external forcing. After the
external forcing was stopped, the oscillations decreased to bigger current amplitude
oscillations than the initial oscillations that were produced. A different trend was
produced when 6 mA of cathodic current was applied to the external Pt electrode. Instead
of immediately terminating, the current oscillation gradually damped out after 50 s. These
results indicate that the proton concentration at the Fe WE surface was altered while
applying external forcing current to the Pt electrode, and the current oscillations decrease
in current amplitude as a result. From a comparison of the potentiostatic step performed
in Figure 2.4b to the potentiostatic steps performed in Figure 2.4c–Figure 2.4e, which had
1, 2, and 4 mA of external forcing currents applied to an external Pt electrode at the Fe
WE surface, the same trends were found. The current amplitude and size of the current
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oscillations increased during external forcing when the amount of anodic current was
increased and produced damped current oscillations, which gradually decreased in
current amplitude and size, when external forcing cathodic current was increased.

Figure 2.4

The effects of external forcing on Fe WE in 0.5 M HNO3 solution at –0.3
V.
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Figure 2.4 (continued)
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Figure 2.4 (continued)
Notes: Time series of current data with external anodic and cathodic currents of a) 8 mA,
b) 6 mA, c) 4 mA, d) 2 mA, and e) 1 mA applied to a Pt electrode at Fe WE surface.

The frequency and amplitude dependency on applied external forcing current
(anodic and cathodic) for the data collected in Figure 2.4a –Figure 2.4e is shown in
Figure 2.5. The average frequency of the current oscillations produced before (teal line)
and after (pink line) applying cathodic current (Figure 2.5a) or anodic current (Figure
2.5b) to a Pt electrode at the Fe WE is also. The blue line in Figure 2.5 repesents the
frequency of the current oscillations produced in a Fe/1 M HNO3 system. In Figure 2.5a,
it is shown that as external forcing cathodic current is increased, the amplitude of the
current oscillations decreased, and the frequency of the current oscillations increased.
With only the exception of applying 1 mA of cathodic current to the Pt electrode during
external forcing experiments, the frequency of the current oscillations produced were
higher than the frequency of the current oscillations produced before and after external
forcing current was applied. The opposite trend is produced when external forcing anodic
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current was applied to the Pt electrode in the Fe/0.5 M HNO3 system (Figure 2.5b). The
amplitude of the current oscillations increased, and the frequency of the current
oscillations decreased as the external forcing current that was applied increased. With
only the exception of applying 8 mA of anodic current to the Pt electrode during an
external forcing experiment, the frequency of the current oscillations produced during the
other external forcing experiments were all lower than the frequency of the current
oscillations produced before and after the external forcing current was applied.

Figure 2.5

The dependence of mean amplitude and frequency of Fe oscillations on
external forcing current applied (1, 2, 4, 6, and 8 mA).

Notes: a) Amplitude and frequency vs external cathodic current applied, b) amplitude and
frequency vs external anodic current applied. Frequencies and amplitudes were caculated
for the data in Figure 2.4a–Figure 2.4e. The blue line represents the frequency of the
oscillations produced in the Fe/1 M HNO3 system (Figure 2.6). Freq. represents
calculated frequency. Ex Forcing represents external forcing with a Pt electrode.
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Observations in Figure 2.4a – Figure 2.4e can be compared to the time series of
current for Fe in 1 M HNO3 solution at -0.3 V (Figure 2.6). As shown in Figure 2.4, the
largest change in amplitude and frequency of current oscillations was produced when 8
mA of anodic current was applied to the Pt electrode at the surface in the Fe/0.5 M HNO3
system. The current oscillations produced in the Fe/1 M HNO3 system have a frequency
of 0.280 Hz (blue line in Figure 2.5) and a current amplitude of 6.14 ×10-3 A. The
frequency for the Fe/1 M HNO3 system was approximately two times higher (0.133 Hz)
with 8 mA of external forcing current applied. The Fe/1 M HNO3 system had a higher
current amplitude (5.54×10-3 A) as well. This data collected in Figure 2.4 suggests that
the anodic current increased the proton concentration (almost 0.5 M increase), so the
frequency of the current oscillations in the Fe/0.5 M HNO3 system approached the
frequency of the oscillations produced with the Fe WE in 1 M HNO3 concentration as the
Pt tip current increased.

Figure 2.6

Time series of current for the potentiostatic dissolution of Fe in 1 M HNO3
with sustained-continuous oscillations at -0.3 V.
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2.4.3.2

External forcing in damped-oscillation potential region
The effect of adding external forcing anodic current to the Pt electrode at the Fe

surface in damped oscillatory regions of Fe/0.5 M HNO3 systems is shown in Figure
2.7a. A potential of -0.35 V was applied to produce damped current oscillations. After
180 s, 8 mA of external forcing anodic current was applied to the Pt electrode in the
system. As a result, forced continuous current oscillations were produced. After stopping
the external forcing technique, the current oscillations immediately damped out, and the
system transitioned back to a stable steady state. The same trends were observed when 4
and 6 mA of external forcing anodic current was applied in the Fe/0.5 M HNO3 system
(Figure 2.7b – Figure 2.7c).
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Figure 2.7

External forcing of Fe oscillations in a damped oscillation region at
V.
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–0.35

Figure 2.7 (continued)
Notes: Time series of current with a) 8 mA, b) 6 mA, c) 4 mA, and d) 2 mA of external
anodic current applied to Pt electrode at Fe WE surface in 0.5 M HNO3 solution.

In Figure 2.7d, the results from applying 2 mA of external forcing anodic current
to the Pt electrode at the Fe WE surface is shown. The external forcing current was
applied 600 s and stopped after 100 s of external forcing. No current oscillations were
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produced. These results indicate that the proton concentration was not significantly
altered.
Figure 2.8 shows the oscillation frequency and amplitude for applied external
forcing anodic current for the data collected in Figure 2.7a – Figure 2.7d. As the external
forcing current was increased from 4 to 8 mA, the amplitude of the current oscillations
steadily increased to a maximum of 3.37×10-3 A (8 mA applied), and the frequency of
current the current oscillations steadily decreased to a minimum of 0.0993 Hz (8 mA
applied). A comparison of the amplitude current and the frequency of the current
oscillations produced in the Fe/1 M HNO3 and the Fe/0.5 M HNO3 (8 mA of anodic
current applied) systems shows that amplitude current of the Fe/1 M HNO3 system is
approximately twice as larger, and the frequency (blue line in Figure 2.8) is four times
larger. These results also show that the anodic current applied to the Pt tip increases the
proton concentration, which causes the frequency of the Fe/0.5 M HNO3 system to
approach the frequency of the Fe/1 M HNO3 system.

Figure 2.8

The dependence of mean amplitude and frequency of Fe oscillations on
external forcing anodic current applied ( 4, 6, and 8 mA) to Pt electrode.

Notes: Frequencies and amplitudes were caculated from the data collected in Figure 2.7a
–Figure 2.7d. The blue line represents the frequency of the oscillations produced in the
Fe/1 M HNO3 system (Figure 2.6). Freq. represents calculated frequency. Ex Forcing
represents external forcing with a Pt electrode.
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2.4.4
2.4.4.1

Electrochemical behavior of Fe/0.5 M H2SO4 system with external forcing
External forcing in self-sustained-oscillation potential region
The results from applying different amounts of external cathodic and anodic

currents (1, 2, 4, 6, and 8 mA) with a Pt electrode locally at the Fe WE surface in 0.5 M
H2SO4 during the potentiostatic measurement held at a constant potential are presented in
Figure 2.9. In Figure 2.9a–Figure 2.9c, 8 mA, 6 mA, and 4 mA of anodic and cathodic
current were applied to Fe/0.5 M H2SO4, respectively. There was no increase or decrease
in current oscillations observed during the first three external forcing experiments.
Instead, the current oscillations were immediately terminated as the external forcing
currents were applied. This indicates that the system is highly sensitive to local changes
in concentration at the electrode surface. When 2 mA of anodic external forcing current
was applied at the Fe WE surface, the current oscillations in the system terminated
immediately; however, when 2 mA of cathodic current was applied, the current
oscillations damped out (Figure 2.9d). On the contrary, complex dynamical behavior
occurred as external forcing of 1 mA current (anodic and cathodic) was applied in the
Fe/0.5 M H2SO4 system (Figure 2.9e). As 1 mA of external forcing anodic current was
applied at the Fe WE surface, the size of the current oscillations increased, and the
oscillations occurred over longer periods of time. The amplitude and the frequency of the
current oscillations are 7.29 ×10-3 A and 0.367 Hz, respectively. As 1 mA of external
forcing cathodic current was applied at the Fe WE surface, the current oscillations slowly
transitioned to a lower constant oscillatory state. The current oscillations have an
amplitude and the frequency of 2.01×10-3 A and 1.85 Hz, respectively.
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Figure 2.9

The effects of external forcing on Fe WE in 0.5 M H2SO4 solution at –0.2
V.
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Figure 2.9 (continued)

68

Figure 2.9 (continued)
Notes: Time series of current with external anodic and cathodic currents of a) 8 mA, b) 6
mA, c) 4 mA, d) 2 mA, and e) 1 mA applied to a Pt electrode locally at Fe WE surface.

A potentiostatic study at a constant potential for Fe in 1 M H2SO4 solution was
performed for comparison purposes (Figure 2.10). During the step, continuous,
monoperiodic current oscillations were produced initially, but over time the oscilations
transition to aperiodic current oscillations. The amplitude and frequency of the current
oscillations are 1.13×10-2 A and 0.529 Hz, respectively. Current oscillations with a
smaller amplitude current (7.28×10-3 A) and slower frequency (3.67×10-2 Hz) than the
current oscillations produced in the Fe/1 M H2SO4 system were produced when 1 mA of
external forcing anodic current was applied to the Pt electrode at the Fe WE surface More
comparisons to the Fe/1 M H2SO4 will be made in the next section.
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Figure 2.10

2.4.4.2

Time series of current for the potentiostatic dissolution of Fe in 1 M H2SO4
solution with sustained-continuous oscillations at -0.205 V.

3.4.2 External forcing in damped-oscillation potential region
In Figure 2.11a– Figure 2.11e, the results from applying external forcing anodic

current (10, 9, 8, 6, and 4 mA) locally to a Pt electrode at the Fe surface in damped
oscillatory regions of Fe/0.5 M H2SO4 systems is shown. During each potentiostatic step,
the system reached a stable steady state (non-oscillatory state), and then external forcing
anodic currents were applied. Consistent stable current oscillations were produced as a
result in each experiment. After external forcing was stopped, each Fe/0.5 M H2SO4
system immediately transitioned back to a stable steady state current region. The current
oscillations produced in this section can be compared to the current oscillations produced
in the Fe/1 M H2SO4 systems (Figure 2.10). Interestingly, as the external forcing current
is increased the period in which the oscillations increase. This same trend is observed to a
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lesser extent when comparing the typical Fe oscillations produced in 0.5 H2SO4 to the
current oscillations 1 M H2SO4.

Figure 2.11

Effect of external forcing of Fe oscillations in regular damped oscillation
region at –0.18 V.
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Figure 2.11 (continued)

72

Figure 2.11 (continued)
Notes: Time series of current with a) 10 mA, b) 9 mA, c) 8 mA, d) 6 mA, and e) 4 mA of
external anodic current applied to Pt electrode at Fe WE surface in 0.5 M H2SO4 solution.

Figure 2.12 summarizes the frequency and amplitude dependency on applied
external forcing anodic current for the data collected in Figure 2.11a–Figure 2.11. It is
shown that as the amount of anodic current is increased from 4 mA to 10 mA, the current
oscillations increase in amplitude and a decrease in the frequency of the current
oscillations is observed. All of the frequencies of the current oscillations produced during
the external forcing experiments in the Fe/0.5 M H2SO4 system are lower than the
frequency in the Fe/1 M H2SO4 system (blue line in Figure 2.12).
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Figure 2.12

The dependence of mean amplitude and frequency of Fe oscillations on
external forcing anodic current applied ( 4, 6, 8, 9, and 10 mA).

Notes: Frequencies and amplitudes were caculated for the data in Figure 2.11. The blue
line represents the frequency of the oscillations produced in the Fe/1 M H2SO4 system
(Figure 2.10). Freq. represents the calculated frequency. Ex Forcing represents external
forcing with Pt electrode.

2.4.5
2.4.5.1

Electrochemical behavior of Fe/0.5 M HClO4 system with external forcing
External forcing in self-sustained-oscillation potential region
Figure 2.13 describes the external forcing experimental results from applying

different amounts of cathodic and anodic currents (1, 2, 4, 6, and 8 mA) with a Pt
electrode locally at the Fe WE surface in 0.5 M HClO4 solution during potentiostatic
steps. The potentiostatic steps with 8 and 6 mA of external forcing anodic and cathodic
current applied to the Pt electrode produced no current oscillations in the Fe/0.5 M
HClO4 system (Figure 2.13 and Figure 2.13b). Interestingly, the current oscillations in
those systems completely terminated after applying cathodic current (6 and 8 mA) and
did not return to the original oscillatory state. The cause of the Fe/HClO4 system not
oscillating again after external forcing was stopped may be due to a change on the surface
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of the electrode (e.g. oxide film formation). The same trends were observed when 4 mA
and 2 mA of cathodic current were applied to the Pt electrode at the surface of the Fe WE
(Figure 2.13c and Figure 2.13d). On the other hand, the same trends were not observed as
4 mA and 2 mA of anodic current was applied. Larger current oscillations were produced
as the anodic currents were applied. During the potentiostatic experiment with 1 mA of
anodic current applied the Pt electrode at the Fe WE surface, different current oscillations
were produced. These oscillations were larger and had a wider period than the initial
sustained current oscillations produced at the beginning of the measurement (Figure
2.13e). Oscillations were immediately terminated when 1 mA of cathodic current was
applied to the Pt electrode at the Fe WE surface during the same experiment. After
stopping each external forcing experiment with 1 mA of anodic and cathodic current, the
current oscillations of the system transitioned back to current oscillations that are similar
to the initial current oscillations produced in the system. As a result, it can be inferred
that the passivation film was not significantly hindered after applying 1 mA of external
forcing current to the Pt electrode at the Fe WE surface.
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Figure 2.13

The effects of external forcing on Fe WE in 0.5 M HClO4 solution at –0.2
V.
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Figure 2.13 (continued)
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Figure 2.13 (continued)
Notes: Time series of current with external anodic and cathodic currents of a) 8 mA, b) 6
mA, c) 4 mA, d) 2 mA, and e) 1 mA applied to a Pt electrode at Fe WE surface.

Figure 2.14 shows the frequency and amplitude dependency on applied external
forcing anodic current for the data collected in Figure 2.14a – Figure 2.14e is pressented.
The graphs show that as the amount of external forcing anodic current was increased
from 1 to 4 mA, the current oscillations increase in amplitude and a decrease in the
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frequency of the current oscillations is observed. These results follow the same trend
observed in the previous sections when the same experiments performed in different acid
solutions. The frequency of the current oscillations before and after the external forcing
were higher than frequency of the current oscillations produced during external forcing
experiments.

Figure 2.14

The dependence of mean amplitude and frequency of Fe oscillations on
external forcing anodic current applied ( 1, 2, and 4 mA).

Notes: Frequencies and amplitudes were caculated for the data in Figure 2.13. The blue
line represents the frequency of the oscillations produced in the Fe/1 M HClO4 system
(Figure 2.15). Freq. represents calculated frequency. Ex Forcing represents external
forcing with a Pt electrode.

Figure 2.15 shows the potentiostatic study of the Fe/1 M HClO4 system that was
performed for comparison purposes. Continuous, monoperiodic current oscillations were
produced at -0.25 V. The amplitude and frequency of the current oscillations are
9.70×10-3 A and 2.88×10-3 Hz, respectively. The current oscillations produced when 4
mA of anodic current was applied to the Pt electrode at the Fe WE surface in 0.5 M
HClO4 solution had an current amplitude (2.83×10-3 A) almost 3 and half times smaller
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and a frequency (8.10×10-3 Hz) almost three times faster than the current oscillations
produced in the Fe/1 M HClO4 system.

Figure 2.15

2.4.5.2

Potentiostatic dissolution of Fe in 1 M HClO4 with sustained-continuous
current oscillations at -0.25 V.

External forcing of in damped-oscillation potential region
In Figure 2.16a–Figure 2.16c, the results from applied external forcing anodic

current (8, 6, and 4 mA) to a Pt electrode at the Fe WE surface in damped oscillatory
regions of Fe/0.5 M HClO4 systems are shown. During each potentiostatic measurement,
the system produced damped current oscillations and transitioned to a stable steady state
(non-oscillatory state). After an allotted amount of time, external forcing anodic current
was applied to the external Pt electrode at the Fe WE surface. No current oscillations
were produced as 8 mA of external forcing current was applied (Figure 2.16a). However,
consistent stable current oscillations were produced as a result of applying 6 and 4 mA of
external forcing anodic current (Figure 2.16b and Figure 2.16c). After the external
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forcing technique was stopped, each Fe/0.5 M HClO4 system gradually transitioned back
to a stable steady state.
The current oscillations produced in this section are compared to the current
oscillations produced in the Fe/1 M HClO4 systems (Figure 2.15). The current
oscillations (green line) that developed from external forcing in Figure 2.16b produced
the largest current oscillations. The amplitude and frequency of these current oscillations
were 2.44×10-3 A and 7.63×10-3 Hz, respectively. The amplitude of the current
oscillations is approximately three times smaller than the current oscillations produced in
the Fe/1 M H2SO4 system. The frequency of the current oscillations produced in Figure
2.16b is approximately two times faster than the frequency of the current oscillations
produced in the Fe/1 M HClO4 system.

Figure 2.16

External forcing of Fe oscillations in regular damped oscillation region at –
0.45 V.

81

Figure 2.16 (continued)
Notes: Time series of current with a) 8 mA, b) 6 mA, and c) 4 mA of external anodic
current applied to a Pt electrode at Fe WE surface in 0.5 M HClO4 solution.

Figure 2.17 shows the frequency and amplitude dependency on applied external
forcing anodic current for the data collected in Figure 2.16a – Figure 2.16c. It is shown
that as the amount of anodic current is increased from 4 mA to 6 mA, the current
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oscillations increase in amplitude and a decrease in the frequency of the current
oscillations is observed. The frequencies of the current oscillations produced during the
external forcing experiments in the Fe/0.5 M HClO4 system are higher than the frequency
in the Fe/1 M HClO4 system (blue line in Figure 2.17).

Figure 2.17

The dependence of mean amplitude and frequency of Fe oscillations on
external forcing anodic current applied ( 4 and 6 mA).

Notes: Frequencies and amplitudes were caculated for the data in Figure 2.16. The blue
line represents the frequency of the oscillations produced in the Fe/1 M HClO4 system
(Figure 2.15). Freq. represents calculated frequency. Ex Forcing represents external
forcing with a Pt electrode.

2.4.6
2.4.6.1

Electrochemical behavior of Fe/0.5 M H3PO4 system with external forcing
External forcing in self-sustained-oscillation potential region
The potentiostatic study of Fe in 0.5 M H3PO4 solution did not produce any

current oscillations within the potential ranges used in this work (i.e. potentiostatic step
from 0V to -0.2 V in Figure 2.18). However, after performing the initial CV sweeps on
the Fe/0.5 M H3PO4 system (Figure 2.2), a spike was consistently produced at the Flade
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potential (≈ -0.25 V) during the reverse sweep. Therefore, external forcing currents (4, 6,
8, and 10 mA) which could possibly transition the Fe/0.5 M H3PO4 system from a steady
stable state to an oscillatory state were applied during potentiostatic measurement at -0.25
V. According to Figure 2.19a – Figure 2.19c, chaotic current oscillations were produced
when 6, 8, and 10 mA of external forcing current was applied to the Pt electrode at the Fe
WE surface. Oscillations are not produced when ≤ 4 mA of external forcing current was
applied (Figure 2.19d).

Figure 2.18

Time series of current for Fe in 0.5 M H3PO4 solution in oscillatory
potential region with –0.2 V applied.
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Figure 2.19

External forcing of Fe oscillations in regular damped oscillation region at –
0.25 V.
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Figure 2.19 (continued)
Notes: Time series of current with a) 10 mA (with inset of oscillatory region), b) 8 mA
(with inset of oscillatory region), c) 6 mA (with inset of oscillatory region), and d) 4 mA
of external anodic current applied to a Pt electrode at Fe WE surface in 0.5 M H3PO4
solution.
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Figure 2.20 presents the frequency and amplitude dependency on applied external
forcing anodic current for the data collected in Figure 2.19a – Figure 2.19c. It is shown
that as the amount of anodic current is increased, the chaotic current oscillations increase
in amplitude. As external forcing anodic current was increased at the Pt electrode, the
current oscillations became more chaotic, which caused the frequency of the oscillations
to increase. Figure 2.21 shows the potentiostatic study of the Fe/1 M H3PO4 system at
-0.27 V applied was performed for comparison purposes. The oscillations produced in
this system are complex. A spike is observed which is the initiation of the oscillations
that are followed by a relaxation period (associated with passivity) and a sharp drop back
down to a current of approximately 0 mA. These relaxation current oscillations have a
frequency of 2.01×10-4 Hz and an amplitude of 3.32×10-4 A. Because the chaotic current
oscillations produced in Figure 2.19 are an order of magnitude smaller than the
oscillations produced in Figure 2.21, no comparison could be made.

Figure 2.20

The dependence of amplitude and frequency of Fe oscillations on external
forcing anodic current applied ( 6, 8, and 10 mA).

Notes: Frequencies and amplitudes were caculated for the data in Figure 2.19. The blue
line represents the frequency of the oscillations produced in the Fe/1 M H3PO4 system
(Figure 2.21). Freq. represents calculated frequency. Ex Forcing represents external
forcing with a Pt electrode.
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Figure 2.21

2.5

Potentiostatic measurement of Fe in 1 M H3PO4 with sustained-continuous
current oscillations produced at -0.27 V.

Conclusion

The main findings of this study are summarized as follows
1.

The results from this chapter alone clearly show that the proton concentration of
in all four solutions at the Fe WE surface was changed as potentiostatic
experiments were performed with external forcing anodic current and cathodic
current.

2.

It was shown that by adding certain amounts of external forcing current to a Pt
electrode at the electrode surface in Fe/0.5 M HClO4, Fe/0.5 M HNO3, and Fe/0.5
M H2SO4 systems, the current amplitude and frequency of continuous current
oscillations that are originally produced will be altered. It appears that the
amplitude of current oscillations grows linearly with applied external forcing
current.
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3.

The Fe/0.5 M H3PO4 system will only produce oscillations in concentrations ≤ 1
M. More research is required to definitively show that the steady state Fe/X M
H3PO4 system can transition to an oscillatory state using the technique introduced
in this work.

4.

From a practical point of view, the presented experimental results also indicate
that the simple external forcing technique introduced in this work is a useful tool
that can be applied to locally change the proton concentration at working
electrodes in aqueous solutions.

5.

To our knowledge, this work done by our group has been the first experiments
where an external forcing Pt electrode has been used to change the proton
concentration in any Fe electrochemical system.

6.

The great advantages of this technique include: 1) Having the ability turn a switch
and change the concentration at the working electrode without having to remove
the current solution in the cell, 2) no extra solution is needed, and 3) the
concentration can be changed several times within a single experiment

7.

We plan to expand the electrochemical studies presented in this work by using the
external forcing technique on coupled multi-electrode array sensors and other
metal array sensors. These experiments will focus on achieving control over
current oscillations and relating that to the corrosion process. Furthermore,
simulations for these experiments will be performed as well.
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CHAPTER III
INVESTIGATION OF Ni OSCILLATIONS CREATED BY EXTERNAL FORCING
VIA PROTON CONCENTRATION CHANGE
3.1

Abstract:
Changes in the nonlinear oscillatory dynamical behavior of Ni in H2SO4 solution

as the proton concentration was locally changed with an external forcing Pt electrode at
the Ni electrode surface during potentiostatic anodic dissolution experiments were
investigated. In this system, periodic oscillations formed when the appropriate series
resistance was added to the circuit and a certain potential was applied. The periodic
oscillations of Ni transitioned to different stable chaotic oscillatory states during the
electrochemical external forcing experiments. It is also shown that this external forcing
technique can be used to produce chaotic oscillations. The nonlinear dynamic features of
the data were analyzed via nonlinear time-series analysis approaches. After creating
attractors for all experimental data sets, we found that all correlation dimensions were
non-integers and the largest Lyapunov exponents were positive. All of the observations
indicate that the data from Ni oscillatory systems show different levels of chaotic
behavior.
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3.2

Introduction

3.2.1

Nonlinear time series analysis of oscillatory systems
Recently, a renewed interest in electrochemical systems exhibiting a range of

nonlinear phenomena (bistability, simple periodic, quasiperiodic, or chaotic current
oscillations) occurred because of the advances in the field of nonlinear dynamics.1-7
Electrochemical methods (cyclic voltammetry and fixed potential scans) are ideal for
studying periodic oscillating systems due to good reproducibility of experiments, low
levels of internal noise, simple control parameters (potential or current), and relatively
straight-forward voltage or current measurements.6, 7 As a result, it has been realized that
operating in chaotic regime where complications arise is advantageous to better
understand the prevalence of chaos and the control of chaos in these electrochemical
systems.8
Electrochemical systems such as Ni/H2SO4 that produce current oscillations
during the electrodissolution process are examples of deterministic chaos in which long
term predictions of amplitude and periods are only possible if the initial conditions
remain constant. Otherwise these predictions are not possible and short-term predictions
are necessary. Several quantities (e.g. optimum time delay, embedding dimension, and
correlation dimension), which are used in the nonlinear time series analysis approach, are
characterized by the measured complexity of chaotic dynamics over short time frames.9
The optimum time delay and embedding dimension are the two quantities needed to
construct attractors which are topological equivalent to the time series data. The mutual
information (Equation 3.1) and false nearest neighbors (Equation 3.2) methods can be
used to calculate the optimum time delay and embedding dimension, respectively.
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S = – ∑ 𝑝𝑖𝑗 𝑙𝑛
𝑖𝑗

𝑝𝑖𝑗 (𝜏)
𝑝𝑖 𝑝𝑗

(3.1)

In Equation 3.1, S represents the mutual information, 𝑝𝑖 represents the probability to find
a time series value in the i-th interval; 𝑝𝑖𝑗 (𝜏) represents the joint probability that an
observation be in the j-th interval.
𝑅𝑖 =

|𝑠𝑖−1 − 𝑠𝑗+𝑖 |
‖𝑠⃗⃗𝑙 − ⃗⃗𝑠𝑗 ‖

(3.2)

In Equation 3.2, Ri represents the normalized distance, ⃗⃗𝑠𝑙 represent each analyzed point in
a time series data set, ⃗⃗𝑠𝑗 is the nearest neighbor point in an m-dimensional space,
‖𝑠⃗⃗𝑖 − 𝑠⃗⃗𝑗 ‖ represents the distance measured between points.

The largest Lyapunov exponent is a quantity that describes the degree of
exponential divergence of nearby state space trajectories. It is used to predict the behavior
of the system (e.g. chaotic or stable). A positive largest Lyapunov exponent indicates that
the behavior of the system will be chaotic. The largest Lyapunov exponent can be
obtained from
𝑁

1
1
)∑
S(∆n) =
∑ 𝑙𝑛 (
|𝑠𝑛0 + ∆𝑛 – 𝑠𝑛 + ∆𝑛|
|𝒰𝑠𝑛 |
𝑁
𝑠𝑛 𝜖𝒰(𝑠𝑛0 )

(3.3)

𝑛0 =1

where reference points sn0 are embedding, and 𝒰𝑠𝑛 represents the neighborhood of 𝑠𝑛0
with diameter 𝜖.
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The topological complexity of the attractor’s chaotic changes is characterized by
correlation dimension. The more the complexity, the higher the correlation dimension
will be. The correlation dimension is obtained from:
𝑁

𝑁
2
𝐶(𝜖) =
∑∑
𝛩(𝜖– ‖𝑥𝑖 – 𝑥𝑗 ‖)
𝑁(𝑁 – 1)
𝑗=𝑖+1

(3.4)

𝑖=1

where N is the number of points, Θ represent the Heaviside step function, ϵ is the
diameter around the data points, and xi and xj are the points within the radius.
3.2.2

External forcing of oscillatory systems
The characteristic behaviors (e.g. amplitude, period, and region of current or

potential oscillations) of dynamical systems often depends not only on the applied
potential or current, the concentration of the bulk electrolyte, the temperature, and the
scan rate, but also on the surface concentration of electrochemically active species.5, 10, 11
As a result, the initial conditions and accessible control parameters of nonlinear systems
play a major role in the formation of far-from-equilibrium oscillatory processes.8
Interestingly, there are only a few different techniques (e.g. OGY-based algorithm
methods, time-based feedback methods, changing the resistance (resistors), potential, or
current within the system, and globally changing the temperature) that are used in
experiments to illustrate the control of chaos in chemical systems that exhibit selforganization (e.g. oscillations).6, 8, 12-17 Furthermore, controlling these self-organizing
phenomena such as electrochemical oscillatory behaviors in nonlinear systems has been a
very complex issue and is still an open one.
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The dynamics and control via external forcing techniques of oscillatory systems
have been extensively (theoretically and experimentally) studied by Zhou, Koper,
Hudson, Ott, and Kiss.8, 16, 18, 19 They showed that simple, periodic-doubling, mixedmode, and chaotic oscillations can be simulated and produced during real-time
experiments and controlled by applying the appropriate range of control parameters to
each system. In Chapter II, we demonstrated the used of the novel external forcing
technique on a Fe metal electrode in different acidic solutions. Iron like many other
systems (for example, Cu, Sn, and Co–W alloy) is capable of producing spontaneous
oscillatory phenomena observed during the electrodissolution-passivation process.20
These processes are associated with different steady state current/potential curves due to
the occurrence of a regions with N-shaped negative differential resistance (N-NDR). On
the other hand, Ni/H2SO4 oscillating systems are associated with a hidden negative
differential resistance region in which the production of the oscillations are forced by
changing the resistance and applying higher potentials in the system which causes the
slow oscillatory mechanism to occur. A proposed mechanism for the coupled chemical
processes occurring during the formation of Ni oscillations in H2SO4 is presented in
Equations 3.5 – 3.10. As a Ni metal is submerged in H2SO4 solution, adsorbed bisulfate is
formed by adsorption from the solution on the Ni surface (Equation 3.5). Ni dissolves as
a constant potential is applied and oxygen evolves at higher potentials. Hydroxyl films
form on the surface (Equation 3.8) and oxidize to NiO (Equation 3.9). NiO dissolves
(Equation 3.10) and a current increase is observed.21 Changes in stoichiometric regions of
the Ni/H2SO4 system cause an oxide film to form again. A current drop is observed. and
the oscillatory process starts over again.22
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−
Ni + HSO−
4 ⇌ NiHSO4 ads

(3.5)

Ni ⟶ Ni2+ + e−

(3.6)

1
H2 O → 2H + + O2 + e−
2

(3.7)

Ni + H2 O → NiOH + H + + e−

(3.8)

NiOH → NiO + H + + e−

(3.9)

𝑁𝑖𝑂 + 2H + → Ni2+ + H2 O

(3.10)

This mechanism is similar to the mechanism for iron/acid systems, which was presented
earlier in this chapter; however, the Ni/H2SO4 system may produce different results from
systems that have N-NDR and S-NDR regions; therefore, a thorough analysis of this
system is needed.23
In this work, the control of chaotic current oscillations in Ni/H2SO4 systems under
potentiostatic conditions are reported. First, we attempted to control the size of the
periodic oscillations in Ni systems by applying anodic and cathodic external currents to a
Pt electrode, which oxidizes or reduces the protons during the oscillatory process. Our
goal was to change the proton concentration locally at the Ni electrode surface and alter
the size, frequency, and transitional state of the oscillations produced. Next, we attempted
to create periodic oscillations in regions of the Ni/H2SO4 system that are considered to be
“non-oscillating,” stable steady states. It is shown that chaotic oscillations can be
produced via the novel external forcing method introduced in this work. The time series
of current oscillation data was analyzed by using the nonlinear time-series analysis
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approach to reconstruct attractors based on time delays and embedding dimensions. The
largest Lyapunov exponent and correlation dimension was also calculated using the same
approach. This work is concluded with our summary of the results and discussing the
major advantages of using this unique and beneficial external forcing method to studying
different electrochemical systems.
3.3
3.3.1

Experimental
Chemicals and Materials
All solutions were prepared using ≥18.2MΩ-cm distilled and deionized water

(MilliQ, Millipore). Sulfuric acid (H2SO4) (96.2%, JT Baker ACS Reagent) was used as
received. 500 µm diam nickel wire (99.8 %) was purchased from Kurt J. Lesker. 300 µm
diam platinum wire (99.9%) was purchased from Alfa Aesar. Epoxy resin was purchased
from Miller-Stephenson. Triethylenetetramine (TETA) hardener mixture was purchased
from Dow Chemical Company. A peristaltic liquid pump with silicone tubing was
purchased from RoboShop.com.
3.3.2

Experimental Setup
Ni and Pt electrodes were polished with a series of SiC sandpapers (240, 400,

800, and 1200 grit), sonicated, and rinsed with distilled water. All electrochemical
experiments were performed immediately after cleaning to prevent the formation of a
nickel oxide film on the electrode surface. Potentiostatic experiments were performed in
a three-electrode electrochemical cell in which the working Ni electrode was press fit into
a hole at the bottom of a Teflon cup. The electrochemical cell and the hose for the
peristaltic pump were filled up with 36 mL of H2SO4 solution at room temperature.
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A 500 µm diam Ni wire was used as the stationary working electrode (WE) in
H2SO4 electrolyte (0.7 M and 1.0 M). The Ni wire was embedded in an epoxy resin and
hardener mixture with only the end of the wire exposed to solution. The counter electrode
(CE) was a carbon rod, and a Ag/AgCl (saturated KCl) electrode was used as the
reference electrode (RE). Unless otherwise stated, all potentials were measured versus
Ag/AgCl. The Ni electrode was connected to a computer controlled potentiostat (CH
Instrument 620A) through a series resistor (18.5 kΩ). During all potentiostatic steps, Ni
oscillations were first produced by applying a constant potential (1.35 or 1.85 V) to
system.
An external two electrode system (Pt and carbon rod) was added in the
electrochemical cell. The Pt electrode (300 µm diam) which was made in-house and a
carbon rod was used as the external forcing, working electrode (WE) and counter
electrode (CE), respectively. A home-built battery powered device was used as a current
source (1 – 30 mA) for the Pt electrode during external forcing experiments. A peristaltic
pump was placed 2 mm behind the Pt electrode and used to removed O2 and H2 bubbles
produced at the Pt and Ni electrodes by circulating the solution. The complete
experimental setup is shown in Figure 3.1.
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Figure 3.1

Complete potentiostatic electrochemical setup for external forcing
experiments with Ni in H2SO4.

Notes: A 500 μm Ni electrode (WE), Ag/AgCl (RE), and a carbon rod (CE) were
connected to a potentiostat controlled by a computer.

3.3.3

Numerical Methods
The time series data for Ni oscillations with and without external forcing was

analyzed in MATLAB R2016a to determine the magnitude and frequency. Nonlinear
time-series analysis approaches (optimal embedding dimension and time delay) were
used for the phase space reconstruction of the time series data. OpenTSTOOL
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(OpenTSTOOL version 1.2, Universität Gottingen and MATLAB 2008b) and TISEAN
package (TISEAN package, http://www.mpipks-dresden.mpg.de/~tisean) were both used
to calculate the optimum time delay and embedding dimension for the phase
reconstruction of the data. The chaotic nature of the reconstructed time series data was
further analyzed by calculating the largest Lyapunov exponent and correlation
dimension.24, 25 Figure A.8 in Appendix A2 presents the functions used in each program
for all calculations.
3.4

Results and Discussion

3.4.1

External forcing in Ni oscillating systems
Figure 3.2 shows the results from the potentiostatic measurement of a typical

oscillatory Ni/H2SO4 electrodissolution system after the potential had been stepped from
the open circuit potential to EAg/AgCl = 1.85 V. As can be observed, the current oscillations
are continuous over long periods of time when using control parameters (e.g. potential or
current, temperature, surface area, external resistance, etc.) that remain constant.
However, at the onset of the oscillations, a small shift in current levels (e.g. increased or
decreased currents) occurred until the system reached a “stable” oscillatory state and
maintained a constant current. The Ni oscillations shown in Figure 3.2 were created at the
beginning of each external forcing experiments. The initial oscillations (e.g. damped or
continuous oscillations) are controlled by the bulk solution concentration and applied
potential.
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Figure 3.2

Potentiostatic current oscillations of Ni in 1 M H2SO4 with an 18.5 kΩ
resistor in series as a potential of 1.85 V was applied to the system.

Figure 3.3 shows a potentiostatic step to 1.85 V with the addition of external
forcing (10 or 16 mA of anodic and cathodic currents applied over time) that was applied
to a Pt electrode to locally change the proton concentration at the Ni working electrode in
a system. The current behavior goes through a series of transitions as different amounts
of external forcing current was applied. The Pt electrode was used as the external forcing
tool by first applying 10 mA of cathodic (decreasing the local H+ concentration) current
after 50 s. There is a short transient period of irregular behavior (e.g. shift in level of
current and abnormal spikes in oscillations) as shown after the initially current is applied.
This resulted in the oscillations shifting to lower current levels. After 50 s, the external
forcing was stopped. The current levels shifted near initial current levels, and the
oscillations followed the trend (gradual decrease of oscillation current level) of the
original oscillations. 10 mA of anodic current was applied at 140 s, and the current level
at which the oscillations occur was increased to a higher level. After 240 s, the cathodic
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external forcing current was increased to 16 mA and the current level of the oscillations
further increased to higher levels. When external forcing with 16 mA of cathodic current
was applied, an even larger shift to a higher current level was observed. Experiments
were repeated to explore the reproducibility of the external forcing at longer time lengths
(Figure A.2– Figure A.4 in Appendix A3). Results show that the technique is will
consistently produce the unique oscillations as the same amount of external forcing
current is applied to the Pt electrode.
Each oscillatory current behavior (each type shown in a different color in Figure
3.4) was separated and analyzed in OpenTSTOOL and TISEAN package software
programs.22, 23 All of the calculated results for both programs were similar (within 5%
difference); therefore, only the OpenTSTOOL results are presented in this work. Three
dimension attractors (phase trajectories), which are projected into the
[I(t), I(t + T), I(t + 2T)] (at different delay times, T) plane, have been to analyze the
character of the oscillations. Attractors were made by plotting a coordinate of the original
current data versus two time-delayed coordinates taken from the same original current
data. The shape of each attractor has a one-to-one correspondence with the time series
from which they were constructed.
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Figure 3.3

Potentiostatic current oscillations of Ni in 1 M H2SO4 with external forcing
(10 – 16 mA) applied to the system.

Notes: All other conditions were the same as in Figure 3.2.

In Figure 3.4a, Ni oscillations with no external forcing are shown. These
oscillations are stable, has harmonics, and monoperiodic. The frequency spectrum (with
principle f = 0.282 Hz) of the Ni oscillations is shown in Figure 3.4b. In Figure 3.4c, the
reconstructed attractor (limit cycle) from the time series data in Figure 3.4a, which have
closed lines with several loops is shown. The attractor was created by using an
embedding dimension of 3 and a time delay of 1.46 s. The current oscillations amplitude
(1.15×10-5 A) does not change over time, so the radius of the loop stays the same,
Furthermore, the attractor (limit cycle) has a consistent smooth oval shape. The largest
Lyapunov exponent and correlation dimension values for this attractor are estimated to be
2.34×10-2 and 1.18 and, respectively.
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Figure 3.4

Electrochemical data from no external forcing experiment

Notes: a) Time series data (current) from potentiostatic dissolution of Ni in 1 M H2SO4
with no external forcing (0 mA) applied to system. A potential of 1.85 V applied to the
system to create oscillations during potentiostatic steps. b) FFT of time series c)
Reconstructed unforced attractor using time delay coordinates (data taken from Figure
3.4a)
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The time series of a slightly chaotic state Ni oscillator was created as 10 mA of
external forcing anodic current was applied is shown in Figure 3.5a. In Figure 3.5b, the
added forcing only causes a slight change in the qualitative dynamics of the Ni
oscillations which includes an increase in the current amplitude (1.18×10-5 A) of the
oscillations and the frequency (f = 0.304 Hz). Figure 3.5c shows the reconstructed
attractor that was created from the analysis of the time series data (embedding dimension
= 4 and optimum time delay = 2.00 s). The attractor shows that the chaotic nature of the
oscillations has increased, and the attractor is broader and rougher than the attractor
produced in Figure 3.4c. Otherwise, the two attractors are qualitatively similar. The
largest Lyapunov exponent and correlation dimension for this attractor were estimated to
be 1.78×10-2 and 1.44, respectively.
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Figure 3.5

External Forcing with 10 mA of anodic current applied.
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Figure 3.5 (continued)
Notes: a) Time series data (current) from potentiostatic measurement of Ni in 1 M H2SO4
with external forcing (10 mA anodic current) applied to the system. A potential of 1.85 V
applied to the system to create initial oscillations during potentiostatic step. b) FFT of
time series c) Reconstructed attractor using time delay coordinates (data taken from
Figure 3.5a).

Figure 3.6a shows the time series for the cathodic state of a Ni oscillator as 10
mA of external forcing cathodic current was applied. The oscillations transition to a
chaotic oscillatory state is shown, and the shape of the oscillations changed to a complex
mixed-mode waveform. As a result, the current amplitude (7.54×10-6 A) decreases, and
the frequency (f = 0.191Hz) also decreases when compared to the typical oscillations
(Figure 3.4a). The oscillations consisted of alternating peaks of two different current
amplitudes (tall and slightly shorter). Since we cannot plot vectors directly in the phase
space with four dimensions, the reconstructed attractor was plotted in three dimensions.
However, the embedding dimension (= 4) and optimum time delay (4.60 s) were used to
accurately calculate the correlation dimension and largest Lyapunov exponent. An
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attractor was created from this time series data (Figure 3.6a) is shown in Figure 3.6c. It is
shown that the attractor starts to twist and fold at this level of external forcing. This
strange attractor shows that the oscillations are chaotic. The largest Lyapunov exponent
and correlation dimension for this attractor further prove this with estimated values of
7.10×10-3 and 2.14, respectively.

Figure 3.6

External forcing data when applying 10 mA of cathodic current.
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Figure 3.6 (continued)
Notes: a) Time series data (current) from potentiostatic measurement of Ni in 1 M H2SO4
with external forcing (10 mA cathodic current). A potential of 1.85 V applied to the
system to create oscillations during potentiostatic steps. b) FFT of time series c)
Reconstructed attractor using time delay coordinates (data taken from Figure 3.6a; inset
is the partially enlarged and rotated image)

Increasing the external forcing cathodic current from 10 mA to 16 mA leads the
oscillations to transition to period-2 oscillations (Figure 3.7a). The oscillations in the Ni
system becomes more chaotic (aperiodic). The shape of the oscillations is complex in this
chaotic “mix-mode” with one tall peak and multiple short peaks, but they reach a steady
oscillatory current state with only tall and short peaks after about 60 s of applying 16 mA
of external forcing current. The FFT of Ni oscillations as external forcing cathodic
current is applied to the system is shown in Figure 3.7b. he frequency (f = 0.260 Hz) of
the oscillations decreases when compared to the normal oscillations (Figure 3.4a), but
they show an increase when compared to the 10 mA of cathodic external forcing. The
current amplitude (4.88×10-6 A) of the oscillations decreased when compared to both the
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external forcing with 10 mA of cathodic current and non-external forcing oscillations.
Figure 3.7c shows the chaotic attractor created from the analysis of time series data in
Figure 3.7a (embedding dimension = 4 and time delay = 2.56 s). The attractor verifies
that the current oscillations are period-2 oscillations with two distinct regions seen.
Interestingly, the frequency of the oscillations decreased due to only the tall peaks being
used for the calculations. Similar results have been observed when increasing the
potential or current in other oscillatory systems.26, 27 The largest Lyapunov exponent and
correlation dimension for this attractor were estimated to be 7.40×10-3 and 2.45,
respectively.

Figure 3.7

Time series data (current) from potentiostatic dissolution of Ni in 1 M
sulfuric acid with external forcing (16 mA of cathodic).
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Figure 3.7 (continued)
Notes: A potential of 1.85 V applied to the system to create oscillations during the
potentiostatic step. a) Time series data of Ni/ H2SO4 system b) FFT of time series c)
Reconstructed attractor using time delay coordinates (data taken from Figure 3.7a; inset
is the partially enlarged and rotated image)

The correlation dimension for the initial non-oscillatory time series data was
lower than the data with anodic and cathodic external forcing. This data indicates that as
the external forcing current increases, the correlation dimension increases (data for 16
mA of cathodic external forcing is given in supporting information). After consistently
increasing cathodic external forcing currents, a consistent trend of smaller oscillations
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with faster frequencies was observed (Figure A.3). All of values for the largest Lyapunov
exponent were low and positive which indicates that the system is considered chaotic but
“stable” in perspective to complete chaos in self-organizing systems.28
3.4.2

Formation of Ni oscillations via External Forcing
With the appropriate series resistance attached to the circuit, Ni/H2SO4 oscillating

systems will transition to multiple dynamical states (e.g. non-oscillatory to damped
oscillatory states, damped oscillatory to continuous oscillatory states, and continuous
oscillatory to mix-mode oscillatory states) as the applied potential or concentration is
increased. When low enough potentials are applied or low concentrations of solution are
used, Ni systems reaches a bifurcation point where the oscillations of the Ni system
typically terminate. An example of applying both a low potential and a low concentration
solution at the same time is illustrated in Figure 3.8a. The damped oscillations of Ni in
0.7 M H2SO4 are created after applying 1.35 V to the system. The oscillations terminate
after 60 s. The potentiostatic experiment was continued for over 400 s to show that
oscillations do not spontaneously start oscillating again. An external forcing anodic
current of 10 mA was then applied to the Ni system (Figure 3.8b). A dramatic shift in the
current level (decrease) was observed.
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Figure 3.8

Time series data (current) from potentiostatic dissolution of Ni in 0.7 M
H2SO4 solution

Notes: (a) damped oscillations and (b) external forcing with 10 mA of anodic applied to
Pt electrode at the Ni WE after 485 s. A potential of 1.35 V was applied to the Ni WE in
the system during the potentiostatic step.

Figure 3.9a clearly shows the original anodic oscillatory time series data (zoomed
in) with overlaid smoothed time series data (in red) for the external forcing experiment
performed in Figure 3.8b. Due to the noise produced during the potentiostatic
measurement, the smooth times series data was used to calculate the frequency of the
current oscillations. The FFT spectrum in Figure 3.9b shows that these oscillations have a
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frequency of 0.832 Hz and a current amplitude of 3.24×10-7 A. An embedding dimension
of 3 and a time delay of 2.10 s was used to create the attractor for this time series. The
attractor shown in Figure 3.9c details the chaotic nature of the oscillations that are
created. The attractor has a consistent chaotic oval shape. The largest Lyapunov exponent
and correlation dimension for this attractor are estimated to be 1.30×10-3 and 2.64,
respectively.

Figure 3.9

Time series data and analysis from external forcing of Ni in 0.7 M H2SO4
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Figure 3.9 (continued)
Notes: a) Enlarged time series data plot (current) of externally forced chaotic oscillations
from potentiostatic dissolution of Ni in 0.7 M H2SO4 (Extracted segment taken from
Figure 3.8b). Red line represents the same data that was smoothed. Data collected from
experiment in Figure 3.8b. b) FFT of time series c) Reconstructed attractor using time
delay coordinates.

3.5

Conclusion
The Ni oscillations formed during potentiostatic anodic studies in H2SO4 solution

and the oscillations were controlled by external forcing with the Pt electrode. The initial
harmonic Ni oscillations transitioned from mixed-mode to period-2 oscillations when the
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cathodic current was increased from 10 mA to 16 mA. During potentiostatic steps with
anodic current applied, the oscillations showed an increase in size and frequency. Our
results also prove that chaotic oscillations will form in lower concentration solutions
when higher anodic currents are applied to the Ni/H2SO4 system. The nonlinear analysis
of the time series data shows that all the data collected was chaotic in nature and external
forcing shifts each Ni system to higher chaotic states.
The benefits of using the external forcing technique introduced in Chapter II of
this dissertation are further extended to this chapter. The proton concentration at the
working electrode can be easily changed by simply turning a switch. Furthermore, the
concentration can be changed several times during a single experiment, and extra solution
is not needed for these experiments.
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CHAPTER IV
INVESTIGATION OF Ni CURRENT OSCILLATIONS BY EXTERNAL FORCING
VIA INDUCTION HEAT
4.1

Abstract:
An inexpensive, easy to use, and tunable RF inductive heating system was

successfully fabricated and utilized as an external forcing tool to study the effects of
locally changing the temperature at a Ni electrode of a Ni oscillating system during the
electro-dissolution of Ni in H2SO4 solution. Predictions for the temperature rise at the
electrode surface was based on the entropic shift of the redox potential of Ru(NH3)6 3+ in
aqueous 0.1 M KCl. The maximum temperature reached at a 250 µm diam Ni electrode
surface in solution was 374 K. In this work, preliminary observations show that by
applying an external pulsed thermal forcing technique to the Ni oscillating system, the
oscillations transition from damped oscillatory states to “stable,” continuous oscillatory
states. At certain elevated temperatures, oscillations damp out, and they transition to nonoscillatory states. It is also shown that even after inductively heating the Ni electrodes to
points where the system stops oscillating, the system will eventually revert to the original
oscillatory state.
4.2

Introduction
In the field of electrochemistry, current, potential, and time have traditionally

been the most important parameters during electrochemical studies. Due to its effects on
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these parameters and the properties of the electrodes in electrochemical cells, temperature
has emerged as another important parameter during electrochemical studies.1, 2 Typically,
the temperature of the entire electrochemical cell (electrodes and bulk solution) is
increased or decreased for the isothermal heating experiments.3, 4 However, heating
electrochemical cells in this manner causes problems like contamination by dissolution of
the vessel walls, components evaporating (e.g. bulk electrolyte solution), the
decomposition of substances that are thermally unstable, and a change in the reference
electrode potential.5, 6 In order to prevent these problems, local heating (non-isothermal)
of only the working electrode and the solution in close vicinity is preferred. As a result,
the bulk solution and the other electrodes in electrochemical cells are unaffected.2
Only a few approaches which include heating by light beam (e.g. laser
illumination) or by electrical heating (e.g. inductive heating) have been used to locally
heat electrode/electrolyte interface regions.6 The later approach has emerged as one of the
leading heating techniques in in-situ thermoelectrochemistry (also known as modern
thermoelectrochemistry).7 In-situ thermoelectrochemistry is the branch of
electrochemistry that focuses on the influence of temperature as an independent variable
on all charge transfer reactions at a condensed interphase.1
In in situ inductive heating, a strong alternating magnetic field of radio frequency
induces eddy currents in metallic electrodes. The use of this technique along with the
others have opened up many useful possibilities (e.g. efficient microstirring at working
electrodes, the ability to work in overheated solvents, causing kinetically hindered
substances to react, and studying volatile substances at high temperatures without any
loss) in this field of electrochemistry.1 This method has recently been tested for the
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analysis of redox couples (e.g. Ru(NH3)6 3+and K3[Fe(CN)6] in KCl solution).6, 7 The
known temperature coefficient of each redox couple allows calculating the surface
temperature of the electrode. One of the main advantages of using this technique is that
no galvanic connection exists between heating and measuring circuits.6
Isothermal heating of electrochemical cells is common in every branches of
electrochemistry;8-10 however, using non-isothermal heating techniques such as inductive
heating has rarely been done in nonlinear dynamic systems (e.g. periodic oscillatory
systems). Nevertheless, advances in the field of nonlinear dynamics and chaos theory has
recently sparked an interest in electrochemical systems which exhibit periodic, quasi
periodic, bistability, and chaotic phenomena.11-14 In our experiments, periodic oscillatory
phenomena of Ni/acid systems are produced. Ni oscillating systems have been
extensively studied by Koper, Kiss, and Hudson.11, 12, 14-16 They showed that these
systems can be controlled by using various external forcing parameters (potential,
current, resistance, or by using forcing signals of current or potential). During these
experiments the temperature of the bulk solution in the electrochemical cell was held
constant.17 In another study, Doss used temperature as an external forcing parameter in
Ni/H2SO4 systems and showed that decreasing the cell temperature will decrease the
amplitude and frequency of Ni oscillations produced.19 Recently, Wickramasinghe and
Kiss used modeling, and experiments to show that increasing the temperature of the
entire electrochemical cell during the electrodissolution of Ni in H2SO4 solution causes
the frequency of the oscillations to increase.17 At even higher temperatures the
oscillations deteriorate.17,20 Other metal oscillating systems have also been studied while
changing the cell temperature.21-23 Zhao et al. showed that increasing temperature in
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iron/perchloric acid systems will increase the frequency, amplitude, and potential range
of current oscillations.24 During all of these oscillatory studies the effect of heating the
counter and reference electrode was not address. This issue should be addressed so that a
more accurate measure of the effect of temperature change at the working electrode in
oscillatory systems can be given.
The present work shows the construction and use of a recently developed
inductive heating system and heating apparatus with a working Ni electrode. The heating
system is low cost and can be easily fabricated and modified for electrodes of different
sizes. This heating system was used as an external forcing tool to study the effects of
local temperature change on the periodic oscillations produced in Ni/H2SO4 systems
during the electro-dissolution process of Ni. Furthermore, the heating apparatus was also
utilized as a place holder to position the working electrode which can be removed from
the heating apparatus, mechanically polished, and used for other experiments.
Temperature pulse voltammetry was used to calibrate the Ni working electrode in
Ru(NH3)6 3+ with 0.1 M KCl supporting electrolyte.
4.3
4.3.1

Experimental Methods
Chemicals and Materials
All chemicals used in these studies were of analytical grade and were used as

received without any further purification. All solutions were prepared using 18.2 MΩ-cm
distilled and deionized water (MilliQ, Millipore). 250 µm diam nickel wire (99.8%) was
purchased from Alfa Aesar. 30 AWG wire-wrap wire was purchased from AA Electronic
Test Co. Magnet wire (30 AWG was purchased from TEMCo. Epoxy resin was
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purchased from Miller-Stephenson. Triethylenetetramine (TETA) hardener mixture was
purchased from Dow Chemical Company.
4.3.2

Heated Electrodes Construction
In Figure 4.1, the schematic diagram for the construction of the Ni working

electrode and the heating apparatus is shown. A Ni wire, wire-wrap wire, and a metal
contact were spot welded together with a spark welder. The Ni electrode was embedded
in a capillary tube and filled with epoxy resin and hardener mixture. The heating
apparatus was constructed from a larger capillary tube, magnet wire, two screws, a place
holder plug, and plastic shrink tubing. The Ni electrode was held inside of the heating
apparatus in the same location by the two screws inserted in the larger glass capillary
tube. Prior to this the larger glass capillary tube was epoxied to the place holder plug. The
steps for the construction process are as follows:
A 2 mm length of 250 µm diam Ni wire was spot welded to a 90 mm length of 30
AWG wire-wrap wire. The Ni wire was centered inside of a small borosilicate glass
capillary tube (O.D. 1.8 mm, I.D. 1.5 mm) and embedded in Epoxy resin and TETA
hardener mixture. The electrode was cured in an oven at 120 °C for 8 h. A larger
borosilicate capillary tube (O.D. 2.9 mm, I.D. 1.9 mm) was used to hold the Ni electrode
(embedded in the small capillary) during electrochemical experiments. A top casing (lid)
and place holder plug for the larger capillary tube was 3-D printed in house for the
electrochemical cell (Figure A.6 in Appendix A4). Two holes were drilled in the sides of
place holder cap, and two screws (e.g. plastic or metal) were screwed in the place holder
to hold the Ni working electrode in place. 30 AWG magnet wire (polyamide/polyimide
coated copper) was wound into a coil (five full turns) and placed at the tip of the capillary
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tube. Plastic shrink tubing was place around the magnet wire and heated to hold the wire
in place (Figure 4.1).

Figure 4.1

Schematic diagram for the construction of the Ni working electrode and
heating apparatus.

Notes: a represents the connection wire for the Ni WE and b represent the connections to
the induction heating system.
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4.3.3

Instruments and Procedures
Figure 4.2 shows the schematic for the inductive heating system. Heating current

for the Ni electrode was 1.88 MHz. AC was produced by a function generator (HP
3310A). The generator was connected to an RF amplifier (Mini-Circuits, 0.1-1000 MHz,
35 dB gain). Heating current amplitudes and frequency were monitored via a digital
oscilloscope (Philips PM 3367A). A relay switch (Wipftronics, 5 V on/off) was
connected to a timer (PTC-23, Omega) to applied pulses to the system. A one-to-one
bifilar transformer, which had 4 wraps wound on a ferrite toroid, was placed between the
amplifier and LC tank to act as an isolation transformer. The instrumentation mentioned
above is shown in Figure A.5 in Appendix A4.
Before each calibration and potentiodynamic experiment, Ni wire was polished
with a series of SiC sandpapers (240, 400, 800, and 1200 grit), rinsed with distilled water,
sonicated in acetone, and rinsed again with water to clean and expose the end of the wire
to solution. All external forcing experiments were carried out immediately after
calibration experiments with solutions at room temperatures. Solutions were deaerated
with Ar 30 min prior to undertaking experiments. All experiments were performed under
an atmosphere of Ar. All temperature calibrations were conducted by temperature pulse
voltammetry and linear sweep voltammetry procedures using the 0.46 mV/K temperature
coefficient of the standard potential for hexaammine ruthenium (III) chloride redox
couple.
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Figure 4.2

Electrical schematic diagram of the induction heating system

Inductive heating experiments for studying Ni oscillations were performed in a
three-electrode electrochemical cell. A 250 µm diam Ni wire was used as the stationary
working electrode in H2 SO4 electrolyte (0.7 and 1.0 M). The counter electrode was a Pt
mesh, and a Hg/Hg2SO4/saturated K2SO4 electrode (MSE) was used as the reference
electrode. All potentials were measured versus MSE. The Ni electrode was connected to
a computer controlled potentiostat (CH Instrument 620A) through a 21 kΩ series resistor.
The Ni electrode was placed inside of the heating apparatus with the tip of the electrode
surrounded by the induction coil that was attached to the end of a large capillary tube
(Figure 4.1). A heating apparatus was connected to an induction heating system which
was composed of a RF power amplifier, a function generator, an oscilloscope, a LC tank
(inductor and capacitor placed in parallel arrangement), and an optical relay switch. The
schematic diagram for the complete induction heating system is shown in Figure 4.3.
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Figure 4.3

4.4
4.4.1

Complete electrochemical setup for inductive heating experiments.

Results and Discussion
Temperature calibration of heated 250 µm Ni electrode
In order to accurately interpret the electrochemical signals changed with the

elevated temperatures at heated electrodes, characterization of Ni electrode temperature
(Telectrode) must be performed. Traditional direct or permanent heating of the Ni in ferriferrocyanide is not feasible because Ni becomes very electroactive at elevated
temperatures and actively corrodes. Instead, temperature characterization of Ni was
performed via indirect heating with a potentiostatic method (modified temperature pulse
voltammetry (TPV)), which was developed locally. The conditions consist of having a
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well-polished large Ni electrode surface (using 200 – 1200 grit sandpaper), performing
experiments under an Ar or N2 atmosphere (before and during experiments), and
performing potential sweeps with a saturated mercury sulfate electrode (MSE). It must be
noted that results will vary if conditions are slightly changed.
Figure 4.4 shows the schematic procedures for the calibration of the Ni electrode
using TPV. A series of heating pulses (𝜏𝐻 ) with durations of 0.1, 0.2, or 0.5 s were
applied to the working Ni electrode. These pulses are followed by a longer relaxation
period (cooling transient, (𝜏𝑐 )). The temperature rises during the heating intervals and
then rapidly decreases after the heating of the electrode stops. The heating cycle follows
the potential step after an equilibrium time with the polarization potential which is
increased stepwise. The current is measured at specific times with respect to the end of
the heating pulse, both during heating and the subsequent cooling. Afterwards, the results
from the individual heated samples are used to construct complete voltammograms (e.g.
hot and cold voltammograms in Figure 4.4). Later analysis of the curve shape with eLChem Viewer package18 allows determination of actual temperature at a given time. The
resulting temperature change can be higher than the boiling point because no vapor
bubbles form in the heated solution during the short heating period.
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Figure 4.4

TPV (simplified) schematic diagram for creating voltammograms with
current sampling after each heating pulse.

Notes: Sampling period determined by heating pulse (𝜏𝐻 ) and cooling time (𝜏𝑐𝑜𝑜𝑙 ) results.
iss is average sampled current before heating pulse at each potential step, and 𝜏𝐻+𝐶 is the
data acquisition in thermal transient. i is the sampled current, and t is time. Blue dots
represent point during the potential step where the current was measured before applying
heating pulses. The sampled data is used to reconstruct the cold voltammogram at steady
state. Red dots represent the sampled potential and current from data collected at the end
of the heating pulses, which is used to reconstruct the hot voltammogram.

Before temperature calibrations, the stability of Ni under ambient temperature
was first tested (Figure 4.5 and Figure 4.6). Figure 4.5 shows the cyclic voltammograms
of Ni in 6 mM Ru(NH3)6 3+ with 0.1 M KCl solution performed at different scan rates (10
– 300 mV/s). The voltammograms show that redox peaks of ruthenium hexaammine do
133

not shift as the scan rate is increased. The peak separation (∆Ep) of the CVs was
measured to be ≈82 mV vs saturated Hg/HgH2SO4 reference electrode. In Figure 4.6,
CVs showing the stability of Ni electrode during 100 sweeps at a scan rate of 100 mV/s is
shown. During the first 5 initial sweeps, a slight shift in the half-wave potential is
observed. This may be due to the initiation of corrosion on the electrode surface.

Figure 4.5

Cyclic voltammograms obtained at 250 µm diam Ni electrode in 6 mM
Ru(NH3)6 3+ with 0.1 M KCl supporting electrolyte solution.

Notes: The scan rate range was 10 to 300 mV/s at room temperature under an Ar
atmosphere.
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Figure 4.6

Cyclic voltammetry sweeps at Ni electrode in 6 mM Ru(NH3)6 3+ with 0.1
M KCl supporting electrolyte solution at a scan rate of 100 mV/s.

Notes: Scans performed at room temperature under an Ar atmosphere.

For the calibration of the Ni working electrode, temperature pulse voltammetry
experiments were performed in a solution of 6 mM Ru(NH3)6 3+ with 0.1 M KCl
supporting electrolyte (Figure 4.7 and Figure 4.8). In Figure 4.9, the current increase
during a 0.225 s heating pulse at a 0.41 V potential, which can be related to an increasing
temperature at the 250 µm diam Ni electrode, is shown. During this experiment, the
following parameters were used: equilibrium time (20 s), heating pulse (0.225 s), cooling
transient (7.5 s), cooling time (45 s). The raw data obtained from the TPV experiments
was reconstructed into sampled current, potential curves at given time after the end of
heating shown in Figure 4.8. A potential window of -0.525 to -0.2 V was chosen to
acquire current sampled voltammogram. For these experiments, the following parameters
were used: equilibrium time (20 s), heating pulse (0.2 s), cooling transient (20 s), cooling
time (45 s). Data was acquired as sampled current during heating and cooling part of the
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thermal transient and cooling transient, respectfully. A shift in half-wave potential during
the one electron reduction of Ru(NH3)6 3+ is seen with increasing temperatures. The exact
electrode temperature is calculated by using Equation 4.1 with the temperature coefficient
(β) of Ru(NH3)6 3+ (0.46 mV/K) after measuring half-wave-potential difference ∆𝐸1⁄

2

between the hot and the cold electrode.
𝑇𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝑇𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 +

∆𝐸1/2
𝛽

(4.1)

In Equation 4.1, ∆E1/2 represents the potential difference in mV, and β represents
the potential coefficient in mV/K. After calculating the temperature of the Ni working
electrode, the determination of relationship between the electrode potential with the
heating current can then be done

Figure 4.7

Current vs time plot showing current increase at a 250 µm diam Ni
electrode in 6 mM Ru(NH3)6 3+ with 0.1 M KCl supporting electrolyte at E
= -0.41 V that was heated by applying different pulse times of pulsed ac
current for 0.225 s.

Notes: A 10 Vpp RF at 1.88 MHz was applied to the induction coil. The sampled pulse
times were 12.5, 75, 125, 175, 225, 275, 325, 375, and 475 ms.
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Figure 4.8

Reconstructed current vs potential curves

Notes: ∆t represents the time at which the current was measured during each 0.225 s
heating pulse. Graph obtained from temperature pulse voltammetry at a 250 µm diam Ni
WE in 6 mM Ru(NH3)6 3+ with 0.1 M KCl supporting electrolyte solution under an Ar
atmosphere. Data was obtained at 30 mV increments staircase voltammetry with 0.225 s
induction heating pulses. 10 Vpp RF was applied at 1.88 MHz to the induction coil.
Interval between pulses was 45 s. The temperature coefficient (0.46 mV/K) was used to
convert the change in potential shift of these curves into temperature changes of the
electrode/electrolyte interface.

Figure 4.9

The relationship between the calculated temperature change (Tc) at the Ni
electrode and the currents measured at ∆E1/2 in Figure 4.8.
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The results from TPV experiments are shown in Table 4.1. Different heating
pulses were applied every 50 s. As expected, the current increased, reaching a maximum
at ≈372 K. It must be noted that a small shift was observed after 25 ms. This may have
been caused by oxide or hydroxide films being formed on the Ni electrode surface, which
would hinder the redox reaction process that was occurring. At higher temperatures, the
electrochemical response of the Ni WE was significantly altered indicating that an
irreversible change of the redox species occurred during the heating pulse (not shown).
Table 4.1

Calculated temperature from the potential shift of Ni electrode

𝒊𝒔𝒔

𝑬1/2 (mV)

∆𝑬𝟏/𝟐

∆T(K)

𝐓 (𝐊)

𝑖ss
25 ms
75 ms
125 ms
175 ms
225 ms

350.1
351.4
361.5
374.9
382.0
385.0

–
1.30
11.4
24.8
31.9
34.9

–
2.82
24.91
54.13
69.56
76.09

–
301
323
352
368
374

Notes: Temperature was calculated with data from experiments with an inductively
heated 250 µm diam Ni electrode in 6 mM Ru(NH3)6 3+ with 0.1 M KCl supporting
electrolyte solution.
4.4.2

Inductive heating of Ni/H2SO4 oscillatory system
Figure 4.10 shows the potentiostatic dissolution of Ni in 1 M H2SO4 solution with

a 21 kΩ resistor in series as 1.95 V was applied to the system at room temperature. The
Ni oscillations are maintained for 900 s with little change occurring in the system. No
external forcing was included in these experiments. For each potentiostatic step with
external forcing via inductive heating, a potential (1.65 or 1.95 V) was applied to produce
the initial oscillations and a heating pulse was applied after 100, 200, or 250 s. The
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frequency and amplitude of the current oscillations produced in Figure 4.10 was 0.307 Hz
and 1.61×10-6 A, respectively.

Figure 4.10

Oscillations observed during potentiostatic dissolution of Ni in 1 M H2SO4
solution (inset is the partially enlarged image).

Notes: A 21 kΩ resistor was placed in series with the Ni working electrode at room
temperature. A constant potential of 1.95 V was applied to the Ni WE during the
experiment.

Figure 4.11 shows external forcing via inductive heating (0.5 s, 10 Vpp, 2.18
MHz voltage pulses) of Ni/H2SO4 oscillating system that was applied for 0.5 s. The
change in temperature, which was estimated to be over 90 K, caused the current
oscillations to decrease in magnitude. The original current oscillations were produced by
using the same conditions and initial control parameter in Figure 4.10. The frequency of
the current oscillations before external forcing via inductive heating was 0.361 Hz. The
frequency decreased to 0.358 Hz after the inducting heating pulse was applied to the
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Ni/H2SO4 system. The current amplitude of the oscillations decreased from 2.12×10-6 to
1.46×10-6 A after the heating pulse was applied.

Figure 4.11

Potentiostatic dissolution of Ni oscillations in 1 M H2SO4 solution with
inductive heating.

Notes: Applied RF voltage of 10 Vpp at 2.18 M Hz. for 500 ms. Other conditions are the
same as in Figure 4.10.

As potentials are increased in Ni/H2SO4 oscillating systems during potentiostatic
steps, the system transitions from non-oscillations to damped oscillations, and then from
damped to continuous oscillations. Figure 4.12a shows the damped oscillations produced
as 1.65 V is applied to the system. It is clearly shown that the oscillations in the system
do not spontaneously transition to continuous oscillations during the measurement. The
experiment was repeated with external forcing (local heating). Figure 4.12b shows the
transition of the Ni/H2SO4 oscillating system from damped oscillations to continuous
oscillations induced by external forcing via inductive heating pulses. The change in
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temperature after the potential pulse was over 52 K. In Figure 4.12b, the frequency of the
current oscillations before external forcing via inductive heating was 0.261 Hz. The
frequency decreased to 0.258 Hz after the inducting heating pulse was applied to the Ni/1
M H2SO4 system. These results may be due to changes in the surface film of Ni electrode
produced during the electrochemical measurement.

Figure 4.12

Current-time series of Ni oscillations in 1 M H2SO4 solution.

Notes: a) Damped oscillations with no heating. b) Damped oscillations with heating
applied after 100 s. Applied RF voltage of 10 Vpp at 2.18 M Hz. for 200 ms. A potential
of 1.65 V was applied to the system to produce damped oscillations. Other conditions are
the same as in Figure 4.10.
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In Figure 4.13, the in-situ inductive heating results from applying RF voltage of
10 Vpp at 2.18 MHz for 2 s in the Ni/H2SO4 oscillating system is shown. The oscillations
are completely terminated for over 2 min. After 92 s, the oscillations reformed in the
system. The frequency of the current oscillations produced before inductive heating was
0.266 Hz. The frequency of the current oscillation that were produced after the system
resumed oscillating increased to 0.273 Hz. The amplitude of the oscillations was before
inductive heating was 1.43×10-7 A and the current amplitude decreased to 1.22×10-7 A
after inductive heating was applied.

Figure 4.13

Potentiostatic measurement of Ni oscillations in 1 M H2SO4 solution with
enlarged insets of images before and after a 2 s heating pulse applied to the
system.

Notes: A RF voltage of 10 Vpp was applied at 2.18 MHz for 2 s. Other conditions are the
same as in Figure 4.10.
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4.5

Conclusion
In this work, pulsed inductive heating was used as an external forcing tool to

perform the initial study of the effects of locally heating Ni/H2SO4 oscillating systems.
The local increase in temperature lead to oscillatory systems being altered and even
terminated as potentiostatic experiments were performed. It can be concluded that an
increase in temperature can act as a “switch” to alter the periodic oscillations of Ni, but
after the system returns to its normal temperatures, the Ni oscillations will be maintained
as long as a large enough supply of Ni is maintained on the surface and the other initial
conditions stay the same.
The heating of the Ni electrode, which occurs as a heating pulse is applied,
accelerates the electrodissolution at the electrode surface. An increase in the
Ni2+.concenration near the electrode occurs. This promotes the production of nickel
hydroxide and oxides on the surface. On the other hand, the heating at the Ni electrode
surface also causes a temperature gradient to be produced around the electrode surface.
As a result, the system tries to approach a homogeneous equilibrium and, in doing so,
produces a flow (e.g. diffusion and convection) of chemical species and electrons towards
the surface. The buildup/breakdown process of the oxide and hydroxide film that occurs
on the electrode surface will be accelerated as both the temperature and pH increase. This
change is believed to be one of the most significant reasons for the oscillatory changes
observed in the Ni/H2SO4 system.
The inductive heating system introduced in this work shows great potential for
providing advantages and new opportunities for other studies in the field electroanalytical
chemistry. This system can be adapted to electrodes of different materials (e.g. Pt, Ag,
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Au, or V) and various sizes (nanoelectrodes to macroelectrodes). These systems can be
used to study the temperature effects on corrosion as oscillations occur in metal/acid
systems.
Future development will include further miniaturization of heated electrodes and
selectively heated coupled microelectrode array sensors. Furthermore, this inductive
heating system will be used as an external forcing tool to study oscillatory phenomena
that occur on Pt in ethylene glycol with KOH supporting electrolyte solution, Pt in
H2SO4/HCOOH solution, and Pt with H2(g) oxidation in HCl solution. Pt electrodes are
less corrosive than Ni electrodes in Ru(NH3)6 3+ with 0.1 M KCl supporting electrolyte so
temperature calibrations will be easier to perform. These systems can be further studied
by using a second external forcing system, which is introduced in this work, to locally
change the proton concentration as the local temperature is changed.
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CHAPTER V
SYSTEMATIC FABRICATION OF INEXPENSIVE CMASs
5.1

Abstract
Coupled microelectrode array sensors (CMASs) have been used for many years in

industry and academia to study heterogeneous electrochemical processes. Although these
devices are well known for their benefits of simulating a one-piece electrode of the same
size and measuring the exact anodic and cathodic current flowing through local areas of
the working electrode, there are several limitations that exist when constructing these
devices. Furthermore, there is little to no literature showing how to make CMASs in a
systematic way. To address these issues, we developed simple step by step procedures for
constructing durable, inexpensive, all in one (complete cell), CMAS. A 10 × 10 array
sensor was constructed and used as a substrate to create other metal CMASs via
electrodeposition processes. Cyclic voltammetry and potentiostatic measurements were
used to confirm different metal CMASs were created and to show examples of different
electrochemical experiments that can be performed with CMASs.
5.2

Introduction
Multielectrode array systems have been used for over four decades to study

electrochemical and corrosion processes. Multielectrode array systems are devices that
have multiple electrodes (typically metal or metal alloys) that are integrated together and
spatially arranged in a regular pattern.1 Due to advances in technology (e.g. computers,
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potentiostats, and electronic circuits), coupled microelectrodes array sensors (CMASs)
have recently been created and used for quantitative and real-time monitoring of localized
corrosion rates, inhibitors for chemical and biological processes, coating and coating
performance, and wet gases, oil/water mixtures.2, 3 These devices are connected together
through an external circuit and each electrode is essentially at the same potential. CMASs
have the benefits of being able to simulate a single piece electrode of the same size, being
arranged in any given pattern, delineating clearly the areas of cathodes and anodes,
measuring the kinetics of heterogeneous electrochemical processes, and each electrode
being addressable at the same time.4-6 Furthermore, the surface area of each wire
(electrode) in a CMAS is much smaller than the area of the total working electrode, so
the electrochemical processes that occur on each corroding wire surface can be assumed
to be uniform even if the entire electrode surface is electrochemically nonuniform. As a
result of these benefits, CMASs have been the focus of numerous reviews and articles in
academia and industry fields.1, 4, 7, 8
Although CMASs are great tools for performing electrochemical studies, the
devices are not easy to fabricate. There are several issues that need to be addressed when
fabricating CMASs. One of the main problems of making a closely spaced CMAS is the
lack of sufficient insulation to prevent the wires from touching.1 To overcome this issue,
the electrodes for the CMAS can be made from magnet wire which is copper wire that is
insulated with a polyester base coat and a polyamide-imide over coat. This combination
of insulation provides moisture resistance, physical toughness, excellent dielectric
properties, and superior chemical resistance to common solvents. The magnet wires also
have an insulation temperature rating of 200 ºC. This temperature rating makes the
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magnet wire suitable to be put in the oven during fabrication processes (e.g. curing of
epoxy) and used in electrochemical experiments at high temperatures. The second issue is
the durability of the electrode. CMASs should have the ability to be used multiple times.
To address this issue, the array in this work were fabricated as a full cell which can be
disassembled for polishing and cleaning of the multiple electrodes on the array. The last
issue is the cost of fabrication. Constructing CMASs of pure metals can be expensive.
This issue can be addressed by using the Cu CMAS as a substrate to create other metal
CMASs (e.g. Ni, Pb, Fe, Ag, Au, Pt, and Bi) via different electrodeposition processes.
This is due to copper showing great adhesion to other metals after electrodeposition
experiments.
The copper coupled microelectrode array sensor created in this work can be used
as a base substrate to construct other metal arrays and then used for measuring the surface
current and potential of induced, developed, or inhibited processes of different types of
metal localized corrosion. Additionally, the Cu CMAS can also be used to study crevice
corrosion, non-uniform corrosion, under-deposit corrosion of metals under coatings, antirust oil films, biological membranes, and even the dynamics of metals in nonlinear
systems. In this work, the step by step procedures for constructing coupled
microelectrode array sensors which can be modified in different electrode orientations
(e.g. 10 × 10 or 5 × 5 array) and electrodes sizes are presented. We show how to use the
CMAS as a substrate to create Ni, Fe, Pb, Bi, Ag and Zn CMASs as well. Several
assistive electrochemical experiments that provide verification of a fully functional array
sensor and examples of other uses for modified CMASs are also shown.
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5.3
5.3.1

Experimental Methods
Materials
All chemicals used were of analytical grade and were used as received without

any further purification. All solutions were prepared using 18.2 MΩ-cm distilled and
deionized water (MilliQ, Millipore). 1-inch PVC Sch 40 adapters (female), and 1-inch
PVC Sch 40 adapters (male) were purchased locally. 3M type 3365/34 flat cable was
used for electrode connections. 30 AWG copper magnet wire MW0221 (0.01 in) was
purchased from TEMCo (Fremont, CA). Urethane liquid resin (Smooth-Cast 320) was
purchased from Smooth-On (Macungie, PA). A 68-pin connector AMPLIMITE type
50SR was purchased from Tyco Electronics. Magnet wire (30 AWG, TEMCo), 500 µm
diam nickel wire (99.98%, Kurt J. Lesker), and zinc metal (99.0%, RotoMetals) were
used to make electrodes and sensors. 300 µm diam platinum wire (99.0%), 250 µm diam
nickel wire (99.9%), and copper metal (99.9%) were purchased from Alfa Aesar.
5.3.2

Construction of copper electrode array sensor
Each CMAS is constructed from 100 Cu wires in a 10 by 10 matrix. Rows of 10

electrodes were made and these rows are stacked to complete the array. The array is
partially embedded in epoxy and the exposed array wires are soldered to a circuit board
for ease of connection to the electrochemical instrument. The electrochemical cell is
fabricated by attaching a male PVC adapter pipe to the circuit board, filling it with
corrosion resistant resin, and screwing on a female PVC adapter pipe to the male PVC
adapter pipe. Detailed instructions for fabricating CMASs are as follows:
Cu magnet wire is wrapped 10 times around two nails separated by 3 in (Figure
5.1a andFigure 5.1b). The construction of the homemade jig that the wire was wrapped
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around is discussed in Appendix 5. Polyester plastic sheets (1 × 3 × 0.0075 in) are used to
push the wire together and parallel on standard glass microscopic slides that is covered by
a thin film of polyethylene plastic (0.008 in thick) (e.g. disposable sandwich bags work
well) and tighten wires with alligator clamps. Heat an epoxy mixture (11:1 EPON 828
epoxy resin and TETA hardener) to ≈65 °C to reduce viscosity and brush on the wires to
hold them together (Figure 5.1b). After curing the epoxy at room temperature for several
hours, apply a second epoxy coating and repeat the curing process. Cutting the wire
assembly produces four pieces of 10 rows (Figure 5.1c). Ten pieces of 10 rows (10 × 10)
electrodes) (Figure 5.1d) are stacked and epoxy resin heated as above is applied by a
small paint brush. A glass slide aligns the row and tape is used to hold the rows down. A
6 h room temperature cure allows the assembly to be handled. More details about the
stacking process and construction of the rows of Cu electrodes on the CMAS is presented
in Appendix 5. Remove 2 cm of insulation from each wire by burning with a flame (e.g.
butane lighter) and remove the ashes with 400 grit sandpaper (Figure 5.1e). Place the
electrode tip inside a rubber septum (I.D. 7.9 mm × O.D 14 mm) (Figure 5.1f). Fill the
rubber septa with epoxy resin (prepared as above) and cure in a vacuum oven for 8 h at
30 ºC and 6 h at 150 ºC to cure the electrodes. The schematic diagram of the 10 × 10
close spaced CMAS electrodes’ tip sealed in epoxy is illustrated in Figure 5.2.
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Figure 5.1

Construction of the array (10 ×10 close spaced design)
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Figure 5.1 (continued)

Figure 5.2

Schematic of coupled microelectrode array sensor electrodes
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Figure 5.3

a) Soldering of electrodes on circuit board b) gluing of PVC adapter to
circuit board and filling adapter with Smooth Cast resin

154

100 wires of the electrode assembly are soldered to a custom PCB (boards are
available in the supporting information) (Figure 5.3a) to break out the electrode
connections to electrical headers. Verify each connection from the wire solder to
connection with a multimeter. A 1 in PVC fitting (male adaptor) was attached around the
centered electrode on the circuit board with a hot glue gun (Figure 5.3b). Cut any excess
wires at the underside of the circuit board and place electrical tape over those grids
Figure 5.3a. Solder 2 × 5 dual row 0.1 in male headers for the final electrical connection
(Figure 5.3a and Figure 5.4a). Embed the electrode assembly in the polyurethane resin
(320 Smooth Cast, Smooth-On, Inc.) (Figure 5.3b (insert)). Polish the surface of the
electrode with 400, 800, and 1200 grit silicon carbide to expose the Cu wires and produce
a fine sheen finish. Clean the array face with ethanol and isopropanol. The array sensor is
shown in Figure 5.4a–Figure 5.4c.

Figure 5.4

Construction of a CMAS for electrochemical studies.
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Figure 5.4 (continued)
Notes: Images of the finished coupled microelectrode array sensor (a) – (e). (a) Bottom of
the finished electrode assembly. (b) Side view showing attachment of the PVC adapter to
the circuit board with hot-melt glue (c) Top of the assembly showing the 320 urethane
resin in the 1 in male adaptor, the smooth polished array surface, and 1 in female adaptor
(d) Top view of array assembly with two carbon rods attached to 1 in adaptor (female). A
copper wire is wrapped around carbon rods (e) Finished full cell Cu CMAS

Two carbon rods (used as auxiliary electrodes) are set in parallel (3-mm apart)
through holes in the female PVC adapter and epoxied into position (Figure 5.4d). Cure
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adaptor overnight at 30 ºC and placed in the oven to cure at 150 ºC for 6 h. Wrap 30
AWG copper wire around both carbon rods and clamped in place with metal alligator
clamps (Figure 5.4d). Use the wire as a connection point for the auxiliary electrode cable
line. Next, screw the 1 in female adaptor onto the 1 in male adapter to complete the
CMAS fabrication of the electrochemical cell (Figure 5.4e).
5.3.3
5.3.3.1

Fabrication of modified electrode arrays
Chemical Parameters and Preparation of Plating Solutions
For every modification process (deposition), the CMAS was first polished with

400 grit sandpaper and etched in 1 M H2SO4 by applying 1 V (DC) for 1 min. Two
copper plates were used as counter and reference electrodes during etching process. The
CMAS was sonicated in acetone for 2 min and rinsed with distilled water. All metal
electrodepositions were performed immediately after cleaning to avoid the formation of a
copper oxide film on the Cu CMAS surface. All electrodeposition experiments used a
current source made by applying a potential with a 1 kΩ resistor attached in series to the
CMAS working electrode and potentiostat. The basic electrodeposition setup for all
experiments is presented in Figure 5.5. Except for lead deposition, the counter electrode
and reference electrode were changed according to metal of interest (e.g. Ni plates were
used as the RE and CE during Ni depositions). Alternately, carbon rods can be used as
RE and CE. In Table 5.1, the solutions, electrodes (counter and reference used), and
parameters for each deposited metal is shown.
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Table 5.1

Electroplating solutions and parameters for CMAS modification.

Metal
Solution
Deposited (g/100 mL)
Nickel
nickel sulfate (22.540)
boric acid (3.0-4.5)
Bismuth
bismuth oxide (4.03)
perchloric acid (0.61.40)
Iron
ammonium iron (II)
sulfate (25)

Current
Density
12.0 A/dm2

Temperature Time
(°C)
40 °C
17
min

pH

CE/RE

2–
4.5

Ni
plates

3.1 A/dm2

22.5 °C

20
min

<6

carbon
rods

2 A/dm2

22.5 °C

20
min

4.0–
5.5

Silver

silver nitrate (4)
potassium thiocyanate
(30)

3.0 A/dm2
(pulsed)

55 °C

15
min

7

Lead

lead nitrate (3.31)
glycerol (1.84)
sodium hydroxide
(1.2)
zinc sulfate (10)

2.5 A/dm2

22.5 °C

20
min

>7

Fe
plates or
carbon
rods
carbon
rods or
silver
plates
Pt mesh
and
MSE

3 A/dm2

60 °C

15
min

4

Zinc

Zn
plates

Notes: All solutions were stirred during metal electrodeposition
The amount of the metals deposited was calculated by weighing the samples
before and after the deposition process. For new metals not listed, the amount of metal
deposited on the CMAS can be calculated from the expression
md =

𝑀
𝑛𝐹

× aIt

(5.1)

where md is the amount of metal deposited in grams, I is the current that flows through
the plating solution in amperes, t is the time that the current flows in hours, a is the
current efficiency ratio. M is the atomic weight of the metal, n is the number of electrons
in the electrochemical reaction, and F is the Faraday constant, equal to 26.799 Ah. After
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determining the weight, the thickness of the deposit may be evaluated by using the
following expression
ℎ=

𝑚𝑑
𝐴𝐷

(5.2)

where h is the deposit thickness, A is the plated surface area, and D is the density of the
metal being deposited.

Figure 5.5

Electrodeposition setup for modification of Cu CMAS.

Notes: A 10 × 10 Cu CMAS (WE), and two metal bars (counter and reference) were used
for all electrodeposition experiments. The Cu CMAS was connected to a 1 kΩ resistor in
series.
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Bismuth: Conditions for Bi electrodeposition are given in Table 5.1. Bi was
electrodeposited for 20 min to produce 27 μm thick coating. After the depositions each Bi
CMAS was gently rinsed with water and dried in a vacuum oven for 8 h at 35 °C.
Iron: In Table 5.1, the conditions for Fe electrodeposition are given. Fe was
electrodeposited for 20 min to produce 28 μm thick coating. The solution was used at
22.5 °C during depositions to improve current density, decrease deposition time, increase
hardness, and produce a lighter color metal deposit. After the electrodeposition, each Fe
CMAS was gently rinsed with water and dried in a vacuum oven for 8 h at 35°C.
Lead: Conditions for Pb electrodeposition are given in Table 5.1. Pb was
electrodeposited on each array for 20 min to produce a 28 μm thick coating. After the
electrodeposition, each Pb CMAS was gently rinsed with water and dried in a vacuum
oven for 8 h at 35°C.
Nickel: Table 5.1 gives the conditions for Ni electrodeposition. Ni was
electrodeposited on each array for 17 min to produce a 40 μm thick coating. After the
electrodeposition, each Ni CMAS was gently rinsed with water and dried in a vacuum
oven for 8 h at 35°C.
Silver: Conditions for Ag electrodeposition are given in Table 5.1.
Electrodeposition used 0.1 s pulses at 3.0 A/dm2 with 0.5 s between pulses. Ag was
electrodeposited on each array for 10 min to produce a 28 μm thick coating. After the
electrodeposition, each Ag CMAS was gently rinsed with water and dried in a vacuum
oven for 8 h at 35°C.
Zinc: Table 4.1 gives the conditions for Zn electrodeposition. Zn was
electrodeposited on each array for 15 min to produce a 25 μm thick coating. After the
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electrodeposition, each Zn CMAS was gently rinsed with water and dried in a vacuum
oven for 8 h at 35°C.
Experimental studies with CMAS: The metal CMASs were used in CV
experiments to show that each metal CMAS was properly constructed. Metal CMASs
have traditionally been used for electrochemical studies of local and heterogeneous
corrosion.1,4 In this work, preliminary studies on the Cu and Ni CMASs in NaCl solution,
which provide clear illustrations of these CMASs being able to function in the same way
that a single electrode Ni and Cu metal does, is also shown. In a second set of
experiments, it is shown that the Ni and Cu CMASs also can be used to study unique
nonlinear dynamical oscillatory phenomena that can be produced by the metal CMASs
during electrodissolution processes in acidic solutions.
5.4
5.4.1

Experimental Setup
Electrochemical studies with each metal CMAS
Three Cu CMASs were created for this study and modified to created other

CMASs. After each complete cell CMAS was assembled, the modified electrochemical
cell was used as shown in Figure 5.6. The working electrode array consisted of 100, 250
µm diam Cu or metal coated (Ag, Bi, Fe, Ni, Pb, or Zn) electrodes. Two carbon rods
were used as counter electrodes. For all cyclic voltammetry (CV) experiments, the
reference electrode was Ag/AgCl (3 M KCl). During the electrochemical oscillation
experiments, a Hg/Hg2SO4/saturated K2SO4 electrode was used as the reference
electrode. All experiments were carried out with solution temperatures of 22 °C in a
temperature-controlled laboratory.
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Figure 5.6

Typical experimental setup for electrochemical testing of the
microelectrode assembly in an electrolyte.

Electrochemical experiments with the CMAS were performed on a model 900
multichannel microelectrode analyzer (MMA, Scribner Associates Inc.). This instrument
has 100 individual zero resistance ammeters (ZRA). The maximum current allowed at
each ZRA varies depending on the amplifier card installed. For the experiments described
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in this work, the maximum and minimum current range of the collected data was 1.0 ×105

and -1.0 ×10-5 A, respectively. An example of the current maps (oxidation and

reduction) produced by the MMA instrument is shown in Figure 5.7. In the current maps,
blue denotes negative current (cathodic) and red denotes positive current (anodic). White
(low current) indicates that the electrode is either disconnected and freely corroding or
otherwise malfunctioning. The supplied MMA connection cables were modified by
attaching 10, 10-pin female headers to allow rapid connection to the CMAS connector.
In this study, electrochemical measurements of bare and coated CMASs were
carried out in 1 M NaOH to determine if the arrays were properly functioning and to
confirm that the metal array sensor of interest had been fabricated. A scan rate of 10
mV/s was used in all CV. All solutions were degassed with Ar before use, and a positive
pressure of Ar was maintained over the solution during experimentation.
Potentiodynamic steps were performed on Cu and Ni CMAS in different concentration of
trifluoroacetic acid and H2SO4 respectively. For potentiostatic experiments with Ni, 100 1
kΩ resistors were placed in series with the Ni CMAS and the MMA during each
experiment.
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Figure 5.7

Example current map of the 10 ×10 Ni wire CMAS acquired during the
potentiodynamic study of Ni in 0.1M H2SO4

Notes: (a) reduction (b) oxidation. Microelectrodes are labeled by (row, column). Rows
and columns are labeled 1 through 10 with electrode 1 labeled (1,1).
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5.5
5.5.1

Results and Discussion
Photomicrographs of coated metal CMAS surface
For comparison purposes, the photomicrograph of Cu, Bi, Fe, Pb, Ni, Ag, and Zn

are shown in Figure 5.8. The images of the metal CMAS that were taken after the
successful electrodeposition onto each Cu CMAS. 25 to 40 µm of metal were
electrodeposited onto the CMASs surfaces.

Figure 5.8

Micrograph of bare and coated CMAS electrodes.

165

Figure 5.8 (continued)
Notes: The electrode surface of copper, bismuth, iron, lead, nickel, silver and zinc
CMASs are shown.

5.5.2

Baseline Signals for the CMAS
Figure 5.9 shows the typical measurement results of 15 randomly selected

electrodes on a Cu CMAS in air. Because there is no significant corrosion taking place on
the surface of the CMAS, the measured signal is primarily noise and offset current. The
signals of all 15 electrodes varied from -1.60×10-9 to 1.85×10-9 A during linear sweep
voltammetry. The mean (≈2.30×10-10 A) and standard deviation (≈ 4.31×10-10) for the 15
electrodes on the CMAS are also shown in Figure 5.8. Both values are good
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representative values for all 100 electrodes on the CMAS (not shown). These small
offsets between the channels are several orders of magnitude lower than the typical
measured experimental current and, thus no baseline correction was performed for
electrochemical experiments using the CMAS.

Figure 5.9

Baseline currents from 15 electrodes of a CMAS measured in air during
linear sweep voltammetry scan.

Notes: The scan rate was 10 mV/s. The labels mean and STD in the graph indicate the
average value and standard deviation of the 15 currents, respectively.

5.5.3

Cyclic voltammetry analysis of metal CMAS
Cyclic voltammetry was used to examine the electrochemical behavior of the Cu,

Bi, Fe, Pb, Ni, Ag, and Zn metal CMASs. CV provides redox potentials of electroactive
species and allows evaluating the effect of media upon the redox process. The CVs of the
metals CMAS in this work can be compared to literature data for CVs of these metals in
1 M NaOH solution for verification.9-15 The legend in each graph is labeled based on the
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row and column location (row,column) of the electrodes on the CMAS. For example, the
first electrode on row 1 is labeled (1,1) and the second electrode on row 1 is label (1,2).
5.5.4

Cyclic voltammetric behavior of Cu electrodes in NaOH solution
Figure 5.10 shows the typical CV of electrodes in the Cu CMAS in 1 M NaOH

solution at a scan rate of 10 mV/s. CV of only 10 of the 100 electrodes are shown. The
potential was swept between oxygen and hydrogen evolution (-1.5 V to 0.8 V (vs
Ag/AgCl reference electrode)). The voltammograms are characterized by peaks marked
as anodic (A) and cathodic (C). According to literature, the small anodic peak A1 is
attributed to the adsorption of oxygen on the Cu surface, according to the reaction15, 16:

Figure 5.10

Cu + OH − ⇌ Cu(OH) + e−

(5.3)

2Cu(OH) ⇌ Cu2 O + H2 O

(5.4)

CV profiles of Cu CMAS (10 electrodes) in 1 M NaOH at a scan rate of 10
mV/s.

Notes: The location of each electrode is label by row then column [for example, in Figure
5.10, the location of the fourth electrode on row 1 is labeled (1,4)].
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The anodic peak A2 corresponds to the formation of Cu (II) oxide in the reactions:
Cu2 O + 2OH − ⇌ 2CuO + H2 O + 2e−

(5.5)

Cu2 O + 2OH − + H2 O ⇌ 2Cu(OH)2 + 2e−

(5.6)

A3 indicates the formation of a higher valent copper oxide [CuO] and hydroxide
[Cu(OH)2 ] film on the electrode surface. Some authors reported that this oxide may be
copper sesquioxide [Cu2 O3 ].15
Cu + 2OH – ⇌ Cu(OH)2 + 2e−

(5.7)

Cu(OH)2 ⇌ CuO + H2 O

(5.8)

The reverse sweeps show four reduction peaks (C1 – C4) for the reduction of copper
oxides and hydroxides to copper that formed during the forward sweeps:16, 17

5.5.5

Cu2 O + H2 O + 2e− ⇌ 2Cu + 2 OH −

(5.9)

Cu(OH)2 + H2 ⇌ Cu + 2H2 O

(5.10)

Cyclic voltammetric behavior of Bi electrodes in 1 M NaOH solution and
micrograph
In Figure 5.11, the typical CV of electrodes in the Bi CMAS in 1 M NaOH

solution at a scan rate of 10 mV/s is shown. CV of only 10 of the 100 electrodes are
shown. The potential was swept between oxygen and hydrogen evolution (-1.5 V to 1.5 V
(vs Ag/AgCl reference electrode)). Each CV displays two sharp anodic (A1) and cathodic
(C1) peaks for each electrode at around –0.5 V and –0.9 V, respectively.
169

Figure 5.11

CV profiles of polycrystalline bismuth coated CMAS in 1 M NaOH at a
scan rate of 10 mV/s.

Bi3+ + 3OH− ⇌ Bi(OH)3

(5.11)

2Bi(OH)3 ⇌ Bi2 O3 + 3H2 O

(5.12)

Equations 5.11 and 5.12 show the anodic peak A1 is the oxidation of Bi to Bi(OH)3, and
the large cathodic C1 peak is the reduction of Bi2 O3 to Bi, respectively. In aqueous
electrolytes, when Bi reacts completely, 6 electrons participate in the reaction:18
Bi2 O3 + 3H2 O + 6𝑒 − ⇌ 2Bi + 6OH −
5.5.6

(5.13)

Cyclic voltammetric behavior of Fe electrodes in NaOH solution
Figure 5.12 shows the typical CV of electrodes in the Fe CMAS in 1 M NaOH

solution at a scan rate of 10 mV/s. CV of only 10 of the 100 electrodes are shown. The
potential was swept between oxygen and hydrogen evolution (-1.8 V to 0.8 V (vs
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Ag/AgCl reference electrode)). Three distinctive anodic peaks (A1 – A3) are observed
during the forward sweep and two cathodic peaks (C1and C2) are seen in the reverse
sweeps. 13, 19

Figure 5.12

CV profiles of polycrystalline iron CMAS in 1 M NaOH at a scan rate of
10 mV/s.

The redox of iron on cyclic polarization may take place as the following:
The peak at A1 is the formation of adsorbed hydroxy species and the replacement of
hydrogen.13, 19

Fe + OH – ⇌ FeOHads + e−

(5.14)

Anodic peak A2 is the conversion of Fe and adsorbed FeOH to Fe (II) hydroxide and
oxide:
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FeOHads + OH − ⇌ (Fe(OH)2 )ads + e–

(5.15)

−
(FeOH)+
⇌ FeO + H2 O
ads + OH

(5.16)

Anodic peak A3 is specifically related to the formation of FeOOH:
Fe(OH)2 + OH − ⇌ FeOOH + H2 O + e–

(5.17)

The cathodic peaks C1 and C2 at are due to the reduction of Fe(II) to Fe followed by
hydrogen evolution:13, 19
–
FeO + FeOOH + H2 O + 3e– ⇌ Fe + FeO2–
2 + H2 O + OH

5.5.7

(5.18)

Cyclic voltammetric behavior of Pb electrodes in NaOH solution
The typical CV of Pb CMAS in 1 M NaOH at a scan rate of 10 mV/s is shown in

Figure 5.13. The potential was scanned from –1.5 to 1.2 V. Two anodic peaks (A1 and
A2) and three cathodic peaks (C1 – C3) are formed during cyclic sweeps. The anodic
14
peak A1 corresponds to the formation of PbO or Pb6 (OH)4+
8 .
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Figure 5.13

CV profiles of polycrystalline lead CMAS in 1 M NaOH at a scan rate of
10 mV/s.

Pb + H2 O ⇌ PbOads + 2H + + 2e−

(5.19)

+
−
6 Pb + 8H2 O ⇌ Pb6 (OH)4+
8 + 8H + 12e

(5.20)

The second anodic peak (A2) corresponds to the oxidation of Pb (II) compounds to
Pb(OH)2−
6 .

+
−
PbOads + 5H2 O ⇌ Pb(OH)2−
6 + 4H + 2e

(5.21)

Further increase of the current during the CV sweep is related to the release of O2 .
Cathodic peaks C1, C2, C3 on reverse sweeps are correspond to the reduction PbO2 to
Pb3 O4 , Pb3 O4 to PbO, and both PbO and PbO2 to Pb, respectively.14
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5.5.8

3PbO + 2OH − ⇌ Pb3 O4 + H2 O + 2e−

(5.22)

Pb3 O4 + 4OH− ⇌ 3PbO2 + 2H2 O + 4e−

(5.23)

Cyclic voltammetric behavior of Ni electrodes in NaOH solution
The typical CV profile of Ni CMAS in 1 M NaOH at a scan rate of 10 mV/s is

shown in Figure 5.14. The CV was sweep from -1.5 V to 0.65 V. During the forward
sweep, an oxidation peak (A1) is observed for Ni at around 0.4 V and a cathodic peak
(C1) forms around 0.35 V during the reverse sweep. Oxygen evolution occurs around
0.72 V The anodic peak A1 is the formation of NiO and Ni(OH)2.20 The broad cathodic
peak C1 is the reduction of both NiO and Ni(OH)2 to Ni.

Figure 5.14

CV profiles of polycrystalline Ni CMAS in 1 M NaOH at a scan rate of 10
mV/s.

Ni + 2OH − ⇌ Ni(OH)2 + 2e−

(5.24)

Ni(OH)2 ⇌ NiO + H2 O

(5.25)
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5.5.9

Cyclic voltammetric behavior of Ag electrodes in NaOH solution
In Figure 5.15, the typical CV of 10 Ag electrodes on a CMAS in NaOH at a scan

rate of 10 mV/s. CV of only 10 of the 100 electrodes are shown. The potential was swept
between oxygen and hydrogen evolution (-1.5 V to 1 V (vs Ag/AgCl reference
electrode)). Five anodic peaks (A1 – A5) are formed during the forward sweep. One
anodic peak and 2 cathodic peaks are formed during the reverse sweeps. The peak at A1
is due to the formation of silver hydroxide

Figure 5.15

CV profiles of polycrystalline Ag CMAS in 1 M NaOH

Notes: Experiment performed at a scan rate of 10 mV/s.

–
−
Ag + 2OHads
⇌ [Ag(OH)2 ]−
ads + e

(5.26)

The anodic peaks at A2 – A5 are due to the formation of different levels of complex
silver oxide species (Ag 2 O, Ag 2 O3 , and their intermediates).
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[Ag(OH)2 ]− + Ag + ⇌ Ag 2 O + H2 O

(5.27)

2Ag + 2OH − ⇌ Ag 2 O + H2 O

(5.28)

Ag 2 O + 2OH − ⇌ 2AgO + H2 O + 2e−

(5.29)

2AgO + 2OH − ⇌ Ag 2 O3 + H2 O + 2e−

(5.30)

During the CV reverse sweep (cathodic) the activated anodic peak (A6)
corresponding to the electrooxidation of Ag to Ag 2 O and two cathodic peaks (C1 and C2)
correspond to reduction of AgO to Ag2O and Ag2O to Ag, respectively.

2AgO + H2 O + 2e− ⇌ Ag 2 O + 2OH−
5.5.10

(5.31)

Cyclic voltammetric behavior of Zn electrodes in NaOH solution
In Figure 5.16, the typical CV of 10 Zn electrodes on a CMAS in NaOH at a scan

rate of 10 mV/s is observed. The potential was swept from 1.5 V to 0.8 V. The CVs for
only 10 of the 100 electrodes are shown. A large anodic (A1) and a sharp cathodic (C1)
peak formed during the CV sweep. The anodic peak A1 is associated with the formation
of Zn to zinc hydroxides and oxides (Equations 5.30 and 5.31). As the zinc is oxidized, a
passivation layer is formed at higher potentials. During the reverse sweep, the passive
layer on the zinc surface breaks down, allowing oxidation again. The reduction of
oxidation products occur at lower potentials.21
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Figure 5.16

CV profiles of polycrystalline Zn CMAS in 1 M NaOH

Notes: Experiment performed at 22 °C and a scan rate of 10 mV/s.

5.5.11

−
Zn + 4OH− ⇌ Zn(OH)2−
4 + 2e

(5.32)

−
Zn(OH)2−
4 ⇌ ZnO + 2OH + H2 O

(5.33)

Corrosion studies with Ni and Cu in 3% NaCl solution

5.5.11.1

Electrochemical cell setup

Metal CMASs are used in many different types of electrochemical studies. A
main use is for corrosion studies of different metals and metal alloys. In this work, a
comparative study was performed on Cu and Ni CMASs in 3% NaCl solution to show
that the 100 working electrodes corrode in the same manner as 500 µm Cu and Ni single
electrodes. Prior to running experiments, the Cu CMAS was polished with 400 grit
sandpaper and rinsed with distilled water. Experiments with the Cu CMAS were
performed immediately after rinsing in order to prevent oxide and hydroxide film
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formation on the electrode surface. After the fabrication, modification, and drying of the
Ni CMAS, the array was used as is for all Ni CMAS corrosion experiments. During the
experiments with both metal CMASs, the 1in female PVC adapter with two carbon rods
attached seen in Figure 5.4d was replaced with a 1 in female adapter without the carbon
rods attached. A Pt mesh and MSE was used as the counter and reference electrode
during all corrosion studies, respectively. The counter and reference electrode were
placed in the same place (2 cm apart and 1 cm above the center of the metal CMAS
surface) during each experiment.
500 µm Cu and Ni single electrodes were used in separate corrosion experiments
with the same reference and counter electrodes mentioned above included to form threeelectrode electrochemical cells. Each single electrode was polished with 400 grit
sandpaper, rinsed with distilled water, and press fit into a hole at the bottom of a Teflon
cup. All electrochemical experiments were performed immediately after cleaning to
prevent the formation of copper or nickel oxide films on the electrode surface
5.5.11.2

CV and potentiostatic behavior of single Cu electrode and Cu CMAS in
NaCl solution

The first step of the corrosion process is to determine the open circuit potential
and the potential at which Cu corrodes in a NaCl solution. Figure 5.17 presents the CV of
a 500 µm diam Cu electrode in 3% NaCl solution at room temperature. Initially, a steady
current, which indicates that a passive film of copper hydroxide or oxide has covered the
metal surface, was observed during the forward sweep. At higher potentials, the
hydroxide film is removed and two anodic peaks (a sharp and a broad peak) are observed.
The anodic corrosion potential was determined to be -0.210 V, and a potential of -0.225
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V was chosen for potentiostatic corrosion experiments. The potentiostatic measurement
at the constant potential (E = -0.225 V (vs saturated Hg/HgH2SO4 reference electrode)) to
study general and pitting corrosion of the Cu single electrode in 3% NaCl solution is
shown in Figure 5.18. The results show that the current initially drops to 4.97 ×10-2
A/cm2 and small fluctuations occur over the 9.5 h measurement.

Figure 5.17

CV profile of a 500 µm diam Cu electrode in 3% NaCl solution at room
temperature.

Notes: MSE and Pt mesh used as a reference and counter electrode, respectively. The
scan rate was 5 mV/s.
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Figure 5.18

Time series data for 500 µm diam Cu WE corrosion resistance in 3% NaCl
solution.

Notes: MSE and Pt mesh used as a reference and counter electrode, respectively.

The experiments mentioned above were repeated with a single Cu CMAS. Figure
5.19 shows the CV of three representative electrodes on a Cu CMAS in 3% NaCl solution
at room temperature. The results present anodic peaks during the forward sweep that are
similar to the peaks observed in Figure 5.17. The first anodic peak was sharp and narrow,
and the second anodic peak was broad. During the reverse sweep, the electrodes on the
CMAS actively corroded until an oxide film was reformed, and the current decreased as a
result. At lower potentials, reduction peaks are observed. Each electrode in the metal
CMAS system reached a steady current for the remainder of the measurement as the
potential was lowered. The anodic corrosion potential was determined to be -0.352 V. A
corrosion potential of -0.405 V was selected for the electrochemical studies. The shift in
corrosion potential may be due to a smaller amount of hydroxide and oxide films being
produced on the surface of the smaller electrodes, which would easily be removed by
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applying lower anodic potentials. Figure 5.21 shows the potentiostatic measurement at a
constant potential to study general and pitting corrosion of the Cu CMAS in 3% NaCl
solution. These results also follow the same trend as the Cu single electrode experiment.
The current of the three CMAS electrodes dropped to about the same lower current levels
(for example, electrode 1 on column 1 dropped to a current level of 1.47 ×10-4 A/cm2),
and the electrodes of the Cu CMAS showed small fluctuations in current over the first 8
h. The current became relatively stable with limited current decay close to the end of the
9th hour.

Figure 5.19

CV profile of Cu CMAS in 3% NaCl solution at room temperature.

Note: MSE and Pt mesh used as a reference and counter electrode, respectively. The scan
rate was 5 mV/s.
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Figure 5.20

Time series data for Cu CMAS corrosion resistance in 3% NaCl solution.

Note: MSE and Pt mesh used as a reference and counter electrode, respectively.

5.5.11.3

CV and potentiostatic behavior of single Ni electrode and Ni CMAS in
NaCl solution

Figure 5.21 presents the CV for a 500 µm Ni electrode in 3% NaCl solution.
Initially, the current gradually increases as higher potentials are applied. At higher
potentials, a broad anodic peak is produced. A steady current level is also produced
during the reverse sweep and anodic corrosion potential occurred at 0.256 V. The anodic
potential applied during the electrochemical study was -0.245 V. Figure 5.22 shows the
electrochemical results of the constant potential applied to a single Ni electrode in 3%
NaCl solution at room temperature. Initially the Ni system decreases to a lower current
level. After 18 minutes, a gradual decrease in current is seen and a steady state current of
6.58 ×10-2 A/cm2 was reached in the system after about 87 min. The system remained in a
steady current state with only a few small fluctuations occurring over the time of the 9.5
h experiment.
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Figure 5.21

CV profile of a 500 µm diam Ni single WE in 3% NaCl solution at room
temperature.

Notes: MSE and Pt mesh electrodes were used as the reference and counter electrode
respectively. The scan rate was 2 mV/s.

Figure 5.22

Time series data for 500 µm diam Ni WE corrosion resistance in 3% NaCl
at room temperature.

Notes: MSE and Pt mesh electrodes were used as the reference and counter electrode
respectively.
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The CV for three representative electrodes of a Ni CMAS in 3% NaCl solution,
which was used to determine the anodic corrosion potential, is shown in Figure 5.23. The
results follow the same trends observed in Figure 5.21. During the forward sweep, a
steady current level is observed for each electrode, and broad anodic peaks are produced
at higher potentials. During the reverse sweeps of each electrode, a steady current level
that gradually decreased is produced during the sweeps. This preliminary work shows
that the anodic corrosion potential occurred at 0.251 V. The anodic potential applied
during the electrochemical study was 0.235 V. Figure 5.24 illustrates the electrochemical
response of the constant potential applied to a Ni CMAS in 3% NaCl solution at room
temperature. Initially the system gradually increased to lower current levels. A steady
state current of each electrode was approximately 1.95×10-4 A/cm2 was reached in the
system after about 90 min. The system remained in this current state until the end of the
9.5 h experiment.

Figure 5.23

CV profile of a Ni coated CMAS WE in 3% NaCl solution at room
temperature.

Notes: MSE and Pt mesh electrodes were used as the reference and counter electrode
respectively. The scan rate was 2 mV/s.
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Figure 5.24

Time series data for Ni CMAS corrosion resistance in 3% NaCl solution at
room temperature.

Notes: MSE and Pt mesh electrodes were used as the reference and counter electrode
respectively.

The preliminary results from the electrochemical experiments on Ni and Cu
CMAS in 3% NaCl solution provides the evidence needed to show that the arrays are
able to function in the same manner as single Ni and Cu single electrodes in NaCl
solutions. More work will be done in the future to completely analyze these two systems
with our CMASs. The work in this section suggest that Ni and Cu CMAS are corrosion
resistant over a 9.5 h immersion time in NaCl solution.
5.5.12

Oscillatory phenomena produced on metal CMAS
Figure 5.25 and Figure 5.27 illustrate another use of CMASs which include Cu

and Ni CMAS being applied in electrochemical studies that produce periodic and
continuous oscillations in trifluoroacetic acid (TFA) and sulfuric acid (H2SO4) solutions,
respectively. Figure 5.25 shows the Cu oscillations of ten randomly selected electrodes
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on a metal CMAS, and Figure 5.27 shows the Ni oscillations of three randomly selected
electrodes on the CMAS. Current oscillations were produced at a constant potential of
0.65 V during potentiostatic measurements in Cu/1 M TFA system. Ni oscillations were
produced during potentiostatic measurements in H2SO4 with a constant potential of 1.2V
applied to the system and a 1 kΩ resistors connected in series with each electrode on the
CMAS.
Response location (row,column) vs frequency plots were generated from the
calculated frequencies of current oscillations as a function of electrode location (row and
column). Figure 5.26 and Figure 5.28 show the contour plots for the frequencies of 100
Cu CMAS electrodes in 0.5 M TFA solution and 100 Ni CMAS electrodes in 1 M H2SO4
solution, respectively. The analysis of the contour plot for the Cu CMAS in Figure 5.26
reveal that the highest (>0.198 Hz) and lowest frequencies (<0.182 Hz) are located on the
several rows. Higher frequency oscillations occurred on electrodes in the third, sixth, and
seventh rows of the plot. The contour plot for the oscillatory frequencies of Ni
CMAS/H2SO4 system reveals that the highest frequency (>0.280 Hz) and the lowest
frequency (<0.220 Hz) were calculated for several electrodes in different regions of
CMAS. For this plot, the seventh, eighth, and ninth row of electrodes produced higher
frequency oscillations. Overall, the results show that all 100 electrodes produced current
oscillations, which can be studied, and Ni oscillations have a higher overall frequency
and greater frequency range (≈18% variation) than Cu oscillations (≈8% variation in
frequency range).
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Figure 5.25

Potentiostatic study of Cu oscillations in 1 M TFA solution at room
temperature.

Figure 5.26

Contour plot showing the frequencies of Cu CMAS/0.5 M TFA oscillating
system as a function of row and column location

Notes: Frequencies calculated from the data collected after 100 Cu CMAS electrodes
produced current oscillations during the electrochemical dissolution process performed in
Figure 5.25.
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Figure 5.27

Potentiostatic study of Ni oscillations in 1 M H2SO4 solution.

Notes: A 1 kΩ resistors were placed in series with each Ni working electrodes.

Figure 5.28

Contour plot showing the frequencies of 100 electrodes in Ni CMAS/1 M
H2SO4 oscillatory system as a function of row and column location

Notes: Frequencies calculated from the entire set of data collected as 100 Ni CMAS
electrodes produced current oscillations during the electrochemical dissolution process
performed in Figure 5.27.
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5.6

Conclusion
Metal CMASs are feasible tools that can be fabricated in a simple and

inexpensive step by step process. Cu CMAS can be used as a base substrate to create
other metal CMASs via electrodepositions. Current maps of CMASs can be used to
determine the amount of current flowing through each electrode and used to indirectly
tell if each electrode on the array sensor is fully functional. Cyclic voltammetry is a
useful technique that can be used to determine if different metal CMASs are fabricated
when all CVs are performed under the same conditions (1 M NaOH, same reference and
counter electrodes, sweeps from 1.8 to 0.8V, etc.). CMASs can be used to study the
corrosion and corrosion resistance of metals in different electrolyte solutions.
Furthermore, CMASs are also useful for studying nonlinear dynamical system such as
periodic oscillations produced in Ni and Cu acidic systems. With the incorporation of the
Model 910 MMA, electrochemical impedance spectroscopy can also be performed with
the metal CMASs introduced in this chapter.
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CHAPTER VI
ELECTROCHEMICAL STUDIES USING CMAS
6.1

Abstract
10 × 10 full cell, copper coupled microelectrode array sensors (CMASs) were

used as substrates to create nickel, bismuth, and iron CMASs via electrodeposition
techniques. Electrochemical experiments were performed with each metal CMAS to
study the current oscillations produced during the dissolution of each metal CMAS in
different acidic electrolyte solutions. A recently developed external forcing technique in
which the proton concentration is locally changed by applying external anodic or
cathodic current to a Pt electrode at the metal CMAS surface was used to control the
current oscillations. Periodic, intermittent, and chaotic oscillations were observed on
different metal CMASs. As the oscillations were altered, the nonlinear dynamical
systems were pushed to new stable and non–stable dynamical states. Furthermore,
oscillations were formed on the metal CMASs in potential regions that typically would
not produce oscillations. Short range coupling on Cu CMASs were observed as well.
6.2

Introduction
Coupled microelectrode array sensors or CMASs (also known as wire beam

electrodes, WBE), which are composed of many arrayed electrodes that are externally
connected together, arranged in a specific pattern (e.g. 20 × 5 or 4 × 4 patterns), and have
essentially the same potential applied in each electrode, are adopted in this present
192

work.1-6 These devices are well known for having the ability to simulate an one piece
electrode of the same size and each electrode being addressable. As a result, CMASs are
capable of providing important information about the electrochemical processes that
occur on metal surfaces or surfaces composed of other material.4, 7, 8
Over the last 4 decades, CMASs have been successfully applied in studies on
heterogenous corrosion of coatings, biodeposits, soil, localized corrosion of rebars under
concreate covers, and local neural tissue areas.1, 4, 7-14 Recently, Kiss, Hudson, and
Parmananda showed that CMASs can be used in studies to control nonlinear dynamical
oscillatory phenomena (e.g. periodic and chaotic oscillations) via periodic modulation of
accessible control parameters (e.g., circuit potential, resistance, or current).15, 16 Although
CMASs have been proven to be very useful devices, making these multielectrode arrays
sensors with pure metal wires can be very expensive. A systematic way for making full
cell CMASs was much needed until recently. In Chapter IV, 10 × 10 Cu CMASs were
fabricated in a systematic, cost efficient way. It was shown that Cu CMASs are good
substrates for creating other metal CMASs. With these devices, it is possible to see the
subtle changes on the position and intensity (e.g. amplitude, magnitude, and frequency)
of oscillations in metal/acid solution systems during electrochemical studies by
continuously mapping and recording the potential or galvanic current distributed on the
CMAS surface.
In this work, 10 × 10, full cell Cu CMASs are constructed and each CMAS is
used as a base to construct other metal CMASs (Bi, Fe, and Ni) via electrodeposition.
Bare and modified CMASs are used to investigate the periodic and chaotic oscillation
phenomena produced during the electrodissolution of copper in trifluoroacetic acid, iron
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in nitric acid, nickel in sulfuric acid, and bismuth in a sulfuric acid/thiourea solutions.
The recently developed external forcing technique introduced in Chapter II, which caused
local changes in the proton concentration at the working electrode surface, was
incorporated in these electrochemical studies. This technique was used to control the
oscillations that are produced during the electrodissolution process. The time series data
collected from the experiments performed was further analyzed by using the nonlinear
time series analysis approaches that were also introduced in Chapter II. The results from
these studies are discussed in this work.
6.3
6.3.1

Experimental Methods
Materials
All chemicals used were of analytical grade and were used as received without

any further purification. All solutions were prepared using 18.2 MΩ-cm distilled and
deionized water (MilliQ, Millipore).
6.3.2

Construction of CMASs
The fabrication of coupled microelectrode array sensors has been described in the

previous chapter.
6.3.3

Experimental Setup
Electrochemical experiments with all metal CMASs were performed on a

computer controlled multichannel microelectrode analyzer (MMA, model 900, Scribner
Associates Inc.) potentiostat and a CH Instrument 620A system (CH Instrumental, Inc.).
The MMA has a group of 10 module chips with 10 zero resistance ammeters (ZRA) on
each chip (100 total ZRA’s). The maximum current output of each ZRA is ±10 µA. Each
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of the 100 electrodes on the Ni CMAS were connected to an external 1 kΩ resistor and
placed in series with the MMA or CH Instrument potentiostat during each experiment.
The counter electrode (CE) for all electrochemical studies was two carbon rods, and a
Hg/Hg2SO4/saturated K2SO4 electrode (MSE) was used as the reference electrode (RE).
Unless otherwise stated, all potentials were measured versus a saturated Hg/Hg2SO4
electrode. An external two electrode system (Pt wire and carbon rod) was added and used
for external forcing in the electrochemical cell. The 300 µm diam Pt electrode was made
in house. The Pt electrode and a carbon rod were used as the external forcing, working
electrode (WE) and counter electrode (CE), respectively. A home-built battery powered
device was used as a floating current source (1 mA to 200 mA output) for the Pt electrode
during external forcing experiments. The complete experimental setup is shown in Figure
6.1.
During potentiostatic and cyclic voltammetry experiments where external forcing
current was applied to the Pt electrode at the Cu and Ni CMASs surface, the Pt electrode
was positioned 1 mm above the center of the first row of 10 electrodes on each CMAS
surface. The Pt electrode was tilted at a 45° angle to help remove the hydrogen and
oxygen bubbles on the Pt surface that formed during external forcing experiments. All
experiments were carried out with solutions at room temperature in a temperaturecontrolled laboratory.
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Figure 6.1

Experimental setup for electrochemical experiments.

Notes: A 10 × 10 full cell Cu CMAS (WE), a saturated Hg/Hg2SO4 (RE), and carbon rod
(Aux) are used for all of the experiments performed with the MMA potentiostat. Each
electrode on the CMAS was connected in series with a 1 kΩ resistor.
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6.3.4

Numerical methods for times series data
The time series data collected with and without external forcing was analyzed in

MATLAB R2016a to determine the amplitude and frequency. The phase space
reconstruction of the time-series data was produced by using nonlinear times-series
approaches (optimal embedding dimension and time delay. OpenTSTOOL
(OpenTSTOOL version 1.2, Universitat Gottingen and MATLAB 2008b) was used to
calculate the optimum time delay and embedding dimension for the phase reconstruction
of the time series data. The calculated data was used to help reconstruct the times series
data in a phase space of time-delay coordinates I(t), I(t +T), and I(t +2T), where t is real
time (s). The largest Lyapunov exponent and correlation dimension were calculated in
OpenTSTOOL and used to analyze the chaotic nature of the reconstructed time series
data.17 Table A.8 in Appendix A2 presents the functions used in each program for all
calculations. Table A.9 – Table A.17 in Appendix A6 presents all the numerical data that
was collected in this chapter.
6.4
6.4.1

Results and Discussion
Photomicrographs of bare Cu and modified CMASs
Photomicrographs of Cu, Bi, Fe, and Ni CMASs surfaces are shown in Figure

6.2a–Figure 6.2d. Verification that each metal was successfully electrodeposited was
done in an earlier chapter. Each CMAS was used as is with no further modifications after
drying.
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Figure 6.2

Micrograph of bare and coated CMAS electrodes

Notes: The electrode surface of copper, bismuth, nickel, and iron CMASs

6.4.2

Electrochemical studies with metal CMAS
CV and potentiostatic studies were performed with a MMA potentiostat on Bi

CMAS in 0.5 M H2SO4/0.2 M thiourea solution, Cu CMAS in 0.5 M trifluoroacetic acid
(TFA) solution, Ni CMAS in 1 M H2SO4 solution, and Fe CMAS in 0.75 M HNO3
solution, which are all known to produce current oscillations.18-21 After repeating each
experiment with each metal CMAS several times, we saw that current oscillations could
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be produced in the Cu CMAS/0.5 M trifluoroacetic acid (TFA) and Ni CMAS/1 M
H2SO4 systems within the current limit of the MMA. On the other hand, we saw that the
current oscillations would only be produced at currents above the upper current limit of
the MMA in the Bi CMAS/0.5 M H2SO4/0.2 M thiourea and the Fe CMAS/0.5 M HNO3
systems. As a result, no external forcing or corrosion resistance experiments were
performed in these two systems.
6.4.2.1

Electrochemical studies with Fe and Bi CMASs in acid solutions
In order to demonstrate that our coated CMASs can be fabricated with larger

electrodes and analyzed with a higher current limit potentiostat, 20 of the 100 electrodes
on the Fe CMAS in 0.75 M HNO3 solution were connected together as one electrode to
perform CV and potentiostatic measurements (Figure 6.3a and Figure 6.4). A CH
Instrument 620A potentiostat was used for these experiments. The CV and potentiostatic
experiments were also repeated with a Bi CMAS (Figure 6.3b and Figure 6.5).
In Figure 6.3a, the CV of the Fe CMAS with 20 electrodes connected together to
simulate a single electrode in 0.75 M HNO3 solution is shown. Current oscillations are
observed during the forward and reverse sweeps and occur between -0.260 V and -0.195
V. It must be noted that the oscillations produced on the Fe CMAS were not consistent.
The oxides and hydroxides produced on the Fe CMAS during and after electrodepositions
greatly affect the type of oscillations produced when performing CV and potentiostatic
measurements. The Fe oscillations occur in a current range that is 5 times higher than the
MMA current limit. Figure 6.3b shows the CV of Bi CMAS in 0.5 M H2SO4/0.2 M
thiourea solution with 20 electrodes connected together as one electrode. An oscillatory
region is formed only during the reverse sweep between 0.25 V and 0.4 V. The current
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range of the Bi oscillations is 2 times higher than the current limit of the MMA
potentiostat.

Figure 6.3

CV sweeps on Fe and Bi CMAS in acidic solutions.

Notes: a) CV sweep of 20 Fe electrodes connected together as one electrode on the Fe
CMAS in 0.75 M HNO3 b) CV sweep of 20 Bi electrodes connected together as one
electrode on the Bi CMAS in 0.5 M H2SO4/0.2 M thiourea solution. The scan rate was 5
mV/s. The CVs were performed at room temperature.
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Figure 6.4 and Figure 6.5 present the current-time series data and corresponding
reconstructed attractors for the current oscillations of the Fe CMAS/0.75 M HNO3 system
produced at constant potentials of -0.235 V and -0.225 V, respectively. The current
oscillations in Figure 6.4a gradually transitioned from an unstable oscillatory state to a
stable oscillatory state with rich dynamics. The frequency and amplitude of the Fe
oscillations are 1.04 Hz and 4.75×10-3 A respectively. The unique pattern of the current
oscillations that is observed may be a result of changes that occurred on the surface of the
20 Fe CMAS electrodes during the measurements. Continuous current oscillations with a
significantly lower frequency (f = 0.17 Hz) and a larger amplitude (9.48×10-5 A) were
produced as a constant potential of -0.225 V was applied to the system (Figure 6.4b).
These oscillations produced are periodic and slightly chaotic.

Figure 6.4

Potentiostatic measurements at a) –0.235 V and b) –0.225 V on the Fe
CMAS in 0.75 M HNO3 solutions.
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Figure 6.4 (continued)
Notes: a) Current-time measurements of 20 Fe electrodes connected together as one
electrode on the Fe CMAS that created continuous oscillations as constant potentials.
Experiments were performed at room temperature.

The corresponding reconstructed attractor produced from time series data of the
Fe CMAS in 0.75 M HNO3 at constant potential of -0.235 V also shows rich chaotic
dynamics (Figure 6.5a). The lines of the attractor fold into a funnel-like shape. A time
delay of 0.82 s and embedding dimension of 4 were used to make the attractor. Although,
the embedding dimension was 4, the attractor could only be plotted in 3 dimensions. The
largest Lyapunov exponent and correlation dimension were estimated to be 0.0112 and
1.03, respectively. The corresponding reconstructed attractor for time series data of the
Fe CMAS in 0.75 M HNO3 at constant potential of -0.225 V shows simple chaotic
dynamics in Figure 6.5b. The attractor barely unfolds to form a spike-like triangle shape.
A time delay of 4.50 s and embedding dimension of 3 were used to make the attractor.
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The largest Lyapunov exponent and correlation dimension were estimated to be 0.0163
and 1.05, respectively.

Figure 6.5

Reconstructed attractors of Fe CMAS in HNO3 solution using time delay
coordinates.

Notes: The attractor in Figure 6.5a was constructed from time series data taken from
Figure 6.4a, and the attractor in Figure 6.5b was constructed from time series data taken
from Figure 6.4b.
The current oscillations of Bi CMAS in 0.5 M H2SO4/0.2 M thiourea solution at
constant potentials of 0.300 V and 0.350 V are presented in Figure 6.6. A current drop,
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which is associated with the oxide and hydroxide film formed on the surface of the Bi
CMAS electrodes, was observed at the initial stage of the potentiostatic measurement in
Figure 6.6a. Stable, mono-periodic current oscillations formed after 56 s and were
maintained for the rest of the measurement. The amplitude and frequency of the Bi
current oscillations are 6.72×10-5 A and 0.890 Hz, respectively. After the applied
potential was increased in 0.350 V, the current oscillations of the Bi CMAS/0.5 M
H2SO4/0.2 M thiourea system transitioned from continuous to mixed-mode oscillations
(periodic-chaotic) in which intervals of periodicity are separated by intervals of a chaotic
state (Figure 6.6b).The first type of Bi oscillations are period-two oscillations (two-peak
oscillations), which have short and tall peaks in series (Figure 6.6b insert i). The
amplitude of the oscillations increased to 9.48×10-5 A, and the frequency (f = 0.900 Hz)
remained about the same. A second transition occurred after 125 s, and the oscillations
exhibited a higher complexity with a change in shape and amplitude increase of the
smaller oscillation peaks (Figure 6.6b insert ii).

Figure 6.6

Potentiostatic measurement on Bi CMAS in 0.5 M H2SO4/0.2 M thiourea
solutions at a) 0.30 V and b) 0.35 V
204

Figure 6.6 (continued)
Notes: a) Current-time measurements of 20 Bi electrodes connected together as one
electrode on the Bi CMAS that created continuous experiments were performed at room
temperature.

The corresponding reconstructed attractors produced from time series data of the
Bi CMAS in 0.5 M H2SO4/0.2 M thiourea solutions at constant potential of 0.30 V also
shows chaotic, smooth dynamics (Figure 6.7). The lines of the attractor unfold into a
slightly chaotic oval like shape. The largest Lyapunov exponent and correlation
dimension are 2.36×10-2 and 2.36, respectively. The two reconstructed attractors in Figure
6.8 verify that the current oscillations are period-2 oscillations. Two regions (a large and
small region) are seen in the attractors. The attractor in Figure 6.8b shows that the chaotic
nature of the oscillations after the transition observed in Figure 6.8a increased.
Furthermore, the attractor is rougher and broader than the attractor produced in Figure
6.7a. The largest Lyapunov exponent and correlation dimension were estimated to be
6.20×10-3 and 2.27, respectively.
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Figure 6.7

Reconstructed unforced attractors for Bi CMAS in 0.5 M H2SO4/0.2 M
thiourea solutions using time delay coordinates

Notes: The attractor was constructed from time series data taken from experiments in
Figure 6.6a.

Figure 6.8

Reconstructed unforced attractors using time delay coordinates for the time
series data of Bi CMAS/0.5 M H2SO4/0.2 M thiourea system at 0.35 V.
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Figure 6.8 (continued)
Notes: The attractor in Figure 6.8a was constructed from time series data (40–85 s) taken
from insert i in Figure 6.6b. The attractor in Figure 6.8b was constructed from time series
data (165–218 s) taken from insert ii in Figure 6.6b.

The small Lyapunov exponents observed for Fe and Bi attractors indicate that
each system is slightly chaotic in nature. The results from this section also show that Bi
and Fe CMAS with larger electrodes can be used to study the periodic oscillations that
are produced, but the use of these devices for these oscillatory studies are currently
hindered by the lack of a potentiostat with higher current limits and the capability of
collecting data from 100 electrodes on the CMAS simultaneously.
6.4.2.2

Electrochemical studies of Cu CMAS in TFA solution
The current oscillations produced in the Cu CMAS/0.5 M trifluoroacetic acid

(TFA) and Ni CMAS/1 M H2SO4 systems occurred near the upper current limit (10 µA)
of the MMA. During experiments where external forcing cathodic current was used, each
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oscillatory system was shifted above the current limit. As a result, four 100 µA module
chips were placed in the MMA, and only 40 of the 100 electrodes on the arrays were used
for all external forcing, electrochemical experiments. For clarification purposes, only the
data results from 3 representative electrodes will be presented in this section. The legend
in each graph is labeled based on the row and column location (row,column) of the
electrodes on the CMAS. For example, the first electrode on row 1 is labeled (1,1) and
the second electrode on row 1 is label (1,2).
6.4.2.2.1

CV of Cu CMAS in 0.5 M TFA solution

In order to point out more clearly the differences in the current oscillations and to
find the potential ranges of the oscillations obtained during CV sweeps in Cu
CMAS/TFA system, the forward and reverse CV sweeps were plotted separately (Figure
6.9a and 6.9b). During the forward and reverse CV sweeps in the Cu/0.5 M TFA system,
no current oscillations were observed. From previous research performed on this
oscillating system, we know that several CV sweeps should be performed to produce
periodic oscillations in Cu/0.5 M TFA systems.18 However, we have observed in our
experiments in the previous chapters that many of the features (e.g. characteristics of
oscillatory regions) that occur during CV and potentiostatic measurements on metal
oscillating systems are overall the same. Interestingly, the results from some of our
previous work on Ni single electrodes indicated that we can predict the applied potential
of potentiostatic experiments that will produce current oscillations by selecting potentials
around the overlap of the forward and reverse Flade potentials (between 0.64V and 0.78
V in Figure 6.9) of CVs.
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Figure 6.9

CV of three electrodes on Cu array in 0.5 M TFA.

Notes: a) The forward CV sweep and b) reverse CV sweep were performed at room
temperature. The scan was 10 mV/s.

6.4.2.2.2

Potentiostatic measurements at constant potentials on Cu CMAS in
TFA

Potentiostatic measurements were performed to determine the types of Cu
oscillations that are produced at specific potentials and select the potential to apply to the
40 electrodes of the Cu CMAS during experiments with external forcing. After selecting
a potential of 0.549 V, damped oscillations were produced during the potentiostatic step
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(Figure 6.10a). The frequency (f = 0.1968 Hz) of the damped oscillations produced by
three CMAS electrodes in Figure 6.10a and the other 37 electrodes on the CMAS was the
same. The amplitude of the Cu oscillations fluctuated from electrode to electrode
between 4.32×10-6 and 4.56×10-6 A. Semi-continuous current oscillations were produced
when a potential of 0.625 V was applied (Figure 6.10b). The frequency (f = 0.0256 Hz) of
all the Cu oscillations was also the same. On the other hand, the current amplitude of
these oscillations was not the same. The current amplitude of the Cu oscillations ranged
from 6.92×10-6 to 7.32×10-6 A. Continuous, long period oscillations were produced by
applying 0.650 V to the Cu CMAS/0.5 M TFA system (Figure 6.10c). The frequency of
these oscillations produced by all CMAS electrodes was roughly 0.0248 Hz. The current
amplitude of the continuous Cu oscillations ranged from 6.97×10-6 to 7.42×10-6 A.
The applied potential (EMSE = 0.65 V) in the Cu CMAS/TFA system, which
produced continuous oscillations, was not used for external forcing experiments because
the current oscillations exhibited rich dynamical behavior that was hard to control and
took too long to produce each oscillation (Figure 6.10c). These types of oscillations make
it very hard to determine if the external forcing technique is completely controlling the
changes in the oscillatory phenomena that are observed. As a result, the effects of
externally forcing the semi-continuous oscillations produced at 0.625 V in the Cu
CMAS/TFA system during the potentiostatic experiments was studied.
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Figure 6.10

Potentiostatic dissolution of three Cu CMAS electrodes in 0.5 M TFA
solution at a) 0.549 V, b) 0.625 V, and c) 0.650 V.
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Figure 6.10 (continued)

Figure 6.11 – Figure 6.13 show corresponding reconstructed attractors for the
unforced damped, semi-continuous, and continuous Cu oscillations produced in the
experiments performed in Figure 6.10. Table A.10 – Table A.12 in Appendix A6 presents
the time delay and embedding dimension values used to make these attractors. Three
attractors for the damped Cu oscillations produced by three representative electrodes on
the Cu CMAS are shown in Figure 6.11. All of the attractors have similar dynamics
(simple, slightly chaotic and smooth lines), the same shape, and are about the same size.
The largest Lyapunov exponent values for these attractors are about the same. The
correlation dimension values are all above 2.50, but they are slightly different. The
attractors for semi-continuous oscillations are shown in Figure 6.12. Theses attractors
also have similar dynamics (simple and smooth lines), the same shape, and are about the
same size. The largest Lyapunov exponent values for these attractors are slightly
different. The correlation dimension values are all similar. The attractors for continuous
oscillations are shown in Figure 6.13. Theses attractors also have similar dynamics
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(complex and smooth lines) and are about the same size. The shape of the three attractors
are slightly different. The largest Lyapunov exponent values for these attractors are
slightly different. The correlation dimension values are all similar. The calculated data
values and attractors for the other 37 electrodes of the Cu CMAS produced results that
are the almost the identical to the results presented in this section (Table A.10 – Table
A.12 in Appendix A6).

Figure 6.11

Reconstructed unforced attractors using time delay coordinates for damped
oscillations of Cu CMAS/0.5 M TFA system at 0.549 V.

Notes: Reconstructed attractor for time series data taken from experiments in Figure
6.10a that were performed on electrodes a) (1,1), b) (3,5), and c) (4,10) of the Cu CMAS.
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Figure 6.12

Reconstructed unforced attractors using time delay coordinates for semicontinuous oscillations of Cu CMAS/0.5 M TFA system at 0.625 V.

Notes: Reconstructed attractor for time series data taken from experiments in Figure
6.10b that were performed on electrodes a) (1,1), b) (3,5), and c) (4,10) of the Cu CMAS.

Figure 6.13

Reconstructed unforced attractors using time delay coordinates for
continuous oscillations of the Cu CMAS/0.5 M TFA system at 0.650 V.
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Figure 6.13 (continued)
Notes: Reconstructed attractor for time series data taken from experiments in Figure
6.10c that were performed on electrodes a) (1,1), b) (3,5), and c) (4,10) of the Cu CMAS.

6.4.2.2.3

External forcing of semi-continuous Cu oscillations

Figure 6.14 shows the time series data results of external forcing experiments in
the Cu CMAS/0.5 M TFA system. During the potentiostatic step, 8 mA of external
forcing anodic current was applied to a 300 µm diam Pt electrode at the Cu CMAS WE
surface for over 800 s. The current oscillations in the system immediately terminated as a
result. The system did not return to the original oscillatory state after the external forcing
was stopped. This could be a direct result of a buildup of oxide/hydroxide film on surface
of the CMAS electrodes. External forcing cathodic current was applied to Pt electrode
after 4500 s. No changes in the system were seen. For the rest of the experiments with
external forcing anodic current and cathodic current (1, 2, 4, 6, 10, 12, and 14 mA)
applied to the Pt electrode in the Cu CMAS/0.5 M TFA system, cathodic and anodic
currents were applied during separate experiments. These experiments were repeated
multiple times. In all potentiostatic experiments with external forcing, the oscillations
were immediately terminated when external forcing anodic or cathodic current was
applied to the Pt electrode at the Cu CMAS surface. Similar to previous electrochemical
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experiments performed in Fe/H2SO4 systems (Chapter II), the Cu CMAS/TFA system
seems to be very sensitive to local concentration change when oscillations exist prior to
the addition of external forcing. The essential difference with respect to the former case is
that no amount of external forcing current that was applied to the Pt electrode worked to
control the current oscillations produced in Cu CMAS/TFA systems in potential
oscillatory regions.

Figure 6.14

External forcing of Cu CMAS in 0.5 M TFA solution.

Notes: 8 mA of external forcing anodic and cathodic current was applied to a Pt electrode
at the surface of the electrodes in the Cu CMAS/TFA system at 0.625 V.

6.4.2.2.4

External forcing to create Cu oscillations in non-oscillatory potential
regions

In the absence of external forcing, a potential was selected for potentiostatic
measurement in the Cu CMAS/0.5 M TFA system that produced no oscillations. Figure
6.15a shows the time series data for Cu in 0.5 M TFA solution at 0.509 V. As expected,
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no oscillations were produced, and this potential was applied for all external forcing
experiments in the non-oscillatory regions. In Figure 6.15b, the time series data for the
external forcing experiment when 6 mA of external forcing anodic current applied to a Pt
electrode at the Cu CMAS surface is shown. During the potentiostatic step, the external
forcing was started at 200 s. Chaotic oscillations were produced as a result. The external
forcing was stopped after 140 s. The external forcing experiment when 8 mA of external
forcing anodic current applied to the Pt electrode is shown in Figure 6.15c. External
forcing was started after 400 s and Cu oscillations with a higher level of chaos is
observed. Figure 6.15d illustrates the increase of Cu oscillations amplitude and size when
10 mA of external forcing anodic current was applied to the Pt electrode. After 330 s, an
external forcing current of 12 mA was applied to the Pt electrode at the Cu CMAS
surface, and no current oscillations were produced.

Figure 6.15

External forcing of Cu CMAS/0.5 M TFA system in steady stable state
potential-current region at 0.509 V.
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Figure 6.15 (continued)
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Figure 6.15 (continued)
Notes: a) No external forcing was applied to the system. b) 6 mA of external forcing
anodic and cathodic current was applied to Pt electrode in the system. c) 8 mA of external
forcing anodic and cathodic current was applied to Pt electrode in the system. d) 10 and
12 mA of external forcing cathodic current was applied to Pt electrode in the system.

The frequency and amplitude dependency on applied external forcing current
(anodic and cathodic) for the data collected in Figure 6.15b–Figure 6.15d is shown in
Figure 6.16. The blue line in Figure 6.16 repesents the frequency of the damped current
oscillations produced by the Cu CMAS/0.5 M TFA system in Figure 6.15a. In Figure
6.16, it is shown that as external forcing anodic current is increased (that is an increase in
local H+ concentration), the amplitude of the current oscillations increased, and the
frequency of the current oscillations decreased. The frequencies of the current oscillations
produced during all external forcing experiments were lower than the frequency of the
damped current oscillations.
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Figure 6.16

The dependence of mean amplitude and frequency of Cu oscillations on
external forcing anodic current applied (6, 8, and 10 mA) to Pt electrode at
Cu CMAS surface.

Notes: Frequencies and amplitudes were caculated from the data collected in Figure
6.15b –Figure 6.15d. The blue line represents the frequency of the damped oscillations
produced in the Cu CMAS/0.5 M TFA system (Figure 6.10). Freq. represents calculated
frequency. Ex Forcing represents external forcing.

In Figure 6.17 –Figure 6.19, the corresponding reconstructed attractor from time
series data with external forcing (6, 8, and 10 mA of anodic current) of the Cu CMAS in
0.5 M TFA at constant potential of 0.509 V are shown. Table A.13 in Appendix A6
presents the time delay and embedding dimension values used to make these attractors.
The first set of attractors appear very complicated and rich in dynamics (Figure 6.17). All
Lyapunov exponent values for these attractors have low values between 0.005 and
0.0072, which validates that current oscillations are slightly chaotic. All of the correlation
dimensions of the attractors are >2.00. The reconstructed attractors for the Cu oscillation
data analyzed in both Figure 6.15c and Figure 6.15d become more chaotic and complex.
These results indicate that the Cu oscillations become more chaotic after larger amounts
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of anodic current are applied to the Pt electrode (Figure 6.18 and Figure 6.19). The
largest Lyapunov exponent values for the attractors in both figures, which are low values
between 0.0038 and 0.0071, further confirms the chaotic nature of the attractor. The
correlation dimension value for each attractor is >2.80.

Figure 6.17

Reconstructed unforced attractors using time delay coordinates (data taken
from Figure 6.15b)

Notes: Time series data from 6 mA of external forcing anodic current being applied to Pt
electrode in the Cu CMAS/0.5 M TFA system was used to construct the attractor.
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Figure 6.18

Reconstructed unforced attractors using time delay coordinates (data taken
from Figure 6.15c)

Notes: Time series data from 8 mA of external forcing anodic current being applied to Pt
electrode in the Cu CMAS/0.5 M TFA system was used to construct the attractor.

Figure 6.19

Reconstructed unforced attractors using time delay coordinates (data taken
from Figure 6.15d)

Notes: Time series data from 10 mA of external forcing anodic current being applied to
Pt electrode in the Cu CMAS/0.5 M TFA system was used to construct the attractor.
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Figure 6.20a –Figure 6.20d shows the typical data current maps at four different
times for the time series data of the Cu/0.5 M TFA system collected in Figure 6.15c.
Each box of the 10×10 grid on the map represents 1 of the 100 Cu CMAS electrodes.
Three representative electrodes (electrode 1 on row 1, electrode 5 on row 3, and electrode
10 on row 4) are labeled in each data current map with green, blue, purple, and yellow
square boxes (Figure 6.20a – Figure 6.20d). The initial data current map shows each
electrode on the CMAS having essentially the same current flowing through (Figure
6.20a). As the external forcing anodic current was applied to the Pt electrode at the
electrode surface of the Cu CMAS, current oscillations were formed, and the fluctuations
in current for the externally forced oscillations propagate from the center of row 2 in
different directions. It must be noted that the location of the electrodes (reference and
counter electrodes) and the number of CMAS electrodes that are used affect the observed
propagation Figure 6.21 show data current values map for the time series data collected
in Figure 6.15b. The data values in Figure 6.21a and Figure 6.21b correspond to the data
current maps in Figure 6.20a – Figure 6.20d, respectively. These values can be used to
calculate the corrosion rate at any time during experiments. These values also help to
determine if there is an electrical shortage in any of the CMAS electrode. Future analysis
of this data will include in future works.
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Figure 6.20

Example data current maps for Cu oscillations in 0.5 M TFA solution
during external forcing.

Notes: The maps are plotted for a) before external forcing at 32.53 s, and during external
forcing b) at 200.61 s, c) at 249.48 s, and d) at 280.56 s.
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Figure 6.21

Typical data current values for Cu CMAS/0.5 M TFA system during
electrochemical studies
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Figure 6.21 (continued)
Notes: a) Data current map current values before Cu CMAS in TFA experiment and b)
data current map values during external forcing after 250 s in Figure 6.15b.

6.4.2.3

Electrochemical experiments of Ni CMAS in 1 M H2SO4 Solution

6.4.2.3.1

CV of Ni CMAS in 1 M H2SO4 solution

The CV of the Ni CMAS in 1 M H2SO4 solution was performed to determine the
potential range of Ni current oscillations (Figure 6.22a – Figure 6.22b). During the
forward CV sweep, the three representative Ni electrodes on the CMAS initially
produced large anodic peaks, which indicates that the surface is actively corroding. The
formation of oxide and hydroxide films on the surface of the electrodes caused the
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current to drop to a low steady state current level and little to no corrosion occurs. At
higher potentials, the oxide and hydroxide film was removed, and the surface actively
corrodes again. The Ni CMAS/ H2SO4 system produced current oscillations between 1.5
V and 2.3 V (Figure 6.22a). Ni current oscillations occurred between 1.35 V and 1.75 V
during the reverse CV sweep (Figure 6.22b).

Figure 6.22

CV of Ni array in 1 M H2SO4

Notes: a) Forward CV sweep and b) reverse CV sweep. A 1 kΩ resistor was placed in
series with each electrode of the Ni CMAS. The scan rate was 10 mV/s.
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6.4.2.3.2

Potentiostatic measurements at constant potentials on Ni CMAS in
H2SO4

Potentiostatic measurements were performed to determine the type of oscillations
produced in the Ni CMAS/1 M H2SO4 system. After selecting a potential of 1.7 V,
damped oscillations were produced during potentiostatic experiment (Figure 6.23a).
Continuous current oscillations were produced when a potential of 1.85 V was selected
(Figure 6.23b). The potential that produced continuous oscillations was used for external
forcing experiments. The frequency of the three sets of Ni oscillations are slightly
different, the amplitude (>7.40×10-8 A) of the oscillations are about the same (see Table
A.15 and Table A.16 in Appendix A6).

Figure 6.23

Potentiostatic dissolution in Ni CMAS/H2SO4 system to create damped and
continuous oscillations.
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Figure 6.23 (continued)
Notes: a) Damped oscillations at 1.7 V b) Continuous oscillations of Ni CMAS in 1 M
H2SO4 at 1.85 V.

Figure 6.24 and Figure 6.25 show corresponding reconstructed attractors for the
damped and continuous Ni oscillations produced in the experiments performed in Figure
6.23, respectively. The time delay and embedding dimension values used to make these
attractors are presented in Table A.15 and Table A.16 in Appendix A6. Three attractors
for the damped Ni oscillations produced are shown in Figure 6.24. Similar to the Cu
CMAS/TFA system, all of the attractors have similar dynamics (simple, slightly chaotic
and rough lines), the same shape (oval-like), and are about the same size. The largest
Lyapunov exponent values for these attractors are different. The correlation dimension
values are all significantly different. The difference observed in the calculated values
may be due to slight differences in Ni coatings deposited on the CMAS during the
electrodeposition process, which affects the type of oscillations that are produced. The
attractors for continuous oscillations are shown in Figure 6.25 also have similar dynamics
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(simple, slightly chaotic, and smooth lines), and they all have a similar triangular-like
shape. The size of the three attractors are slightly different. The largest Lyapunov
exponent values for these attractors have low values, but they are slightly different when
compared to each other. The correlation dimension values are all >2.00. The calculated
data values and attractors for the other 37 electrodes of the Ni CMAS produced results
that are close to the results presented in this section (Table A.15 and Table A.16 in
Appendix A6).

Figure 6.24

Reconstructed unforced attractors using time delay coordinates for damped
oscillations of Ni CMAS/1.0 M H2SO4 system at 1.70 V.

Notes: Reconstructed attractor for time series data taken from experiments in Figure
6.23a that were performed on electrodes a) (1,1), b) (3,5), and c) (4,10) of the Ni CMAS
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Figure 6.25

Reconstructed unforced attractors using time delay coordinates for
continuous oscillations of Ni CMAS/1.0 M H2SO4 system at 1.85 V.

Notes: Reconstructed attractors for time series data taken from experiments in Figure
6.23b that were performed on electrodes a) (1,1), b) (3,5), and c) (4,10) of the Ni CMAS
External forcing of continuous Ni oscillations

External forcing experiments that were performed on the Cu CMAS/TFA system
were repeated on a Ni CMAS/H2SO4 system. Figure 6.26 presents time series data for the
external forcing experiment with 8 mA of external forcing anodic and cathodic current
applied to a Pt electrode at the Ni CMAS surface. Initially, continuous Ni oscillations
were produced in the system as a potential of 1.85 V was applied to the Ni CMAS with 1
kΩ resistors in series with each of the electrodes. External forcing was started at 100
seconds, and the Ni oscillations shifted to lower current levels. Slightly chaotic
oscillations were produced as a result. The external forcing was stopped after 245 s, and
the oscillations shifted back close to the original current level. External forcing with 8
mA of cathodic current was applied to the Pt electrode after 330 s and the Ni oscillations
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shifted to higher current level as a result. External forcing was stopped after 450 s, and
the current oscillations returned to a current level close to where the initial oscillations
started.

Figure 6.26

External forcing of Ni CMAS in 1 M H2SO4 solution at 1.9 V.

Notes: Experiments were performed at room temperature.

The time-series data collected in the experiments performed in Figure 6.26 was
separated based on the amount of external forcing applied to the system, and nonlinear
time-series approaches were used to analyze the time series data of each oscillatory
segment. The process was repeated on each segment of the time series data for all
representative three Ni electrodes on the CMAS. All time delay and embedding
dimension values used to reconstruct each attractor are presented in Table A.17 in
Appendix 6.
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The corresponding reconstructed attractors produced from time series data of
externally forced oscillations of three Ni CMAS electrodes in 1 M H2SO4 solution at a
constant potential (EMSE = 1.9 V) show rich chaotic dynamics (Figure 6.27 – Figure
6.29). The first attractor, which was produced with the time series data (22–98 s)
collected from electrode (1,1) when no external forcing (0 mA) was applied, had lines
that folded into a rough teardrop-like shape with several loops (Figure 6.27a). The largest
Lyapunov exponent and correlation dimension were estimated to be 0.0037 and 2.31,
respectively. The second attractor, which was produced with the time series data (140–
240 s) collected when 8 mA of anodic current was applied to Pt electrode at CMAS
surface, folded into a rough triangular shape with several loops (Figure 6.27b). The
estimated largest Lyapunov exponent and correlation dimension of this attractor
increased to 0.007 and 3.00, respectively. This increase indicates that the oscillations
became more chaotic as external forcing is applied to the system. The reconstructed
attractor created from the time series data (250–320 s) that was collected after stopping
the external forcing with 8 mA of anodic current has lines that formed a teardrop-like
shape with several loops, which is similar to the first attractor, but the attractor size is
significantly smaller than the first attractor (Figure 6.27c). The largest Lyapunov
exponent and correlation dimension for this attractor were estimated to be 0.0034 and
2.34, respectively.
The fourth attractor, which was produced with the time series data (330–440 s)
collected when 8 mA of cathodic current was applied to Pt electrode at CMAS surface,
folds into a slightly chaotic triangular shape with several loops (Figure 6.27d). The
largest Lyapunov exponent and correlation dimension for this attractor were estimated to
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be 0.007 and 2.07, respectively. The last reconstructed attractor in Figure 6.27e was
created from the time series data (452–545 s) collected after stopping the external forcing
with 8 mA of cathodic current, and it lines that formed a triangular shape with several
loops. The attractor size is significantly larger than the other attractors with similar
shapes. The largest Lyapunov exponent and correlation dimension for this attractor were
estimated to be 0.0060 and 2.42, respectively.

Figure 6.27

Reconstructed attractors using time delay coordinates for Ni CMAS data
from electrode (1,1) with and without external forcing applied in Figure
6.26

Notes: These attractors are produced from data collected with electrode (1,1) for when a)
0 mA was applied to the Pt electrode at the Ni CMAS surface, b) 8 mA of anodic current
was applied to the Pt electrode at the Ni CMAS surface, c) 0 mA was applied after
stopping 8 mA of anodic current from being applied to the Pt electrode at the Ni CMAS
surface, d) 8 mA of cathodic current was applied to the Pt electrode at the Ni CMAS
surface, and e) 0 mA was applied after stopping 8 mA of cathodic current from being
applied to the Pt electrode at the Ni CMAS surface.
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The times series data collected for the second electrode (3,5) in Figure 6.26 was
analyzed to create reconstructed attractors (Figure 6.28). The first attractor was
constructed from the time series data (23–98 s) collected when no external forcing (0
mA) was applied. The lines of the attractor folds into a rough triangle-like shape with
several loops (Figure 6.28a). The largest Lyapunov exponent and correlation dimension
were estimated to be 0.0065 and 2.62, respectively. The attractor in Figure 6.28b, which
was produced with the time series data (142–238 s) collected when 8 mA of anodic
current was applied to Pt electrode at CMAS surface, has loose lines that fold into a
rough triangular shape with several loops. When comparing the first attractor to the
second, the estimated largest Lyapunov exponent increased to 0.0087, and the correlation
dimension of this attractor stayed the same. This increase indicates that the oscillations
became more chaotic as external forcing is applied to the system. The time series data
(248–320 s) that was collected after stopping the external forcing with 8 mA of anodic
current was used to make the reconstructed attractor in Figure 6.28c, which has lines that
form a slightly chaotic, triangle-like shape with several loops that are larger than the
previous attractors. The largest Lyapunov exponent and correlation dimension for this
attractor were estimated to be 0.0047 and 2.79, respectively.
In Figure 6.28d, a reconstructed attractor, which was produced with the time
series data (330–440 s) collected when 8 mA of cathodic current was applied to Pt
electrode at CMAS surface, folds into a smooth triangular-like shape with several loops
(Figure 6.28d). The largest Lyapunov exponent and correlation dimension for this
attractor were estimated to be 0. 0.007 and 2.07, respectively. The last reconstructed
attractor, which was created from the time series data (460–540 s) collected after
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stopping the external forcing with 8 mA of cathodic current has an elongated triangularlike shape with several loops (Figure 6.28e). The attractor size is significantly different
than the other attractor. The largest Lyapunov exponent and correlation dimension for
this attractor were estimated to be 0.0061 and 2.62, respectively.

Figure 6.28

Reconstructed attractors using time delay coordinates for Ni CMAS data
from electrode (3,5) with and without external forcing applied in Figure
6.26.

Notes: The attractors are produced from data collected with electrode (3,5) for when a) 0
mA was applied to the Pt electrode at the Ni CMAS surface, b) 8 mA of anodic current
was applied to the Pt electrode at the Ni CMAS surface, c) 0 mA was applied after
stopping 8 mA of anodic current from being applied to the Pt electrode at the Ni CMAS
surface, d) 8 mA of cathodic current was applied to the Pt electrode at the Ni CMAS
surface, and e) 0 mA was applied after stopping 8 mA of cathodic current from being
applied to the Pt electrode at the Ni CMAS surface.
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The first attractor, which was produced with the time series data (23–98 s)
collected from electrode (4,10) when no external forcing was applied, had lines that
folded into a rough triangle-like shape with several loops (Figure 6.29a). The largest
Lyapunov exponent and correlation dimension were estimated to be 0.0044 and 2.52,
respectively. The second attractor, which was produced with the time series data (140–
240 s) collected when 8 mA of anodic current was applied to Pt electrode at CMAS
surface, had lines that folded into a chaotic, triangular shape with several small loops
(Figure 6.29b). The estimated largest Lyapunov exponent and correlation dimension of
this attractor increase to 0.0036 and 2.37, respectively. This decrease indicates that the
oscillations become less chaotic as external forcing is applied to the system. The
reconstructed attractor created from the time series data (254–318 s) that was collected
after stopping the external forcing with 8 mA of anodic current has lines that form a
smaller, triangle-like shape with several loops, which was different than to the first two
attractors (Figure 6.29c). The largest Lyapunov exponent and correlation dimension for
this attractor were estimated to be 0.0036 and 2.37, respectively.
The attractor in Figure 6.29d, which was produced with the time series data (332–
440 s) collected when 8 mA of cathodic current was applied to Pt electrode at CMAS
surface, has lines that folds into a slightly chaotic triangular shape with several loops. The
largest Lyapunov exponent and correlation dimension for this attractor were estimated to
be 0.0073 and 2.10, respectively. In Figure 6.29e, the last reconstructed attractor is
presented. The attractor was created from the time series data (460–545 s) collected after
stopping the external forcing with 8 mA of cathodic current has lines with a rough
triangle-like shape with several loops. The attractor size is significantly larger than the
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other attractor. The largest Lyapunov exponent and correlation dimension for this
attractor were estimated to be 0.0060 and 2.51, respectively.

Figure 6.29

Reconstructed attractors using time delay coordinates for Ni CMAS data
from electrode (4,10) with and without external forcing applied in Figure
6.26

Notes: The attractors are produced from data collected with electrode (4,10) for when a)
0 mA was applied to the Pt electrode at the Ni CMAS surface, b) 8 mA of anodic current
was applied to the Pt electrode at the Ni CMAS surface, c) 0 mA was applied after
stopping 8 mA of anodic current from being applied to the Pt electrode at the Ni CMAS
surface, d) 8 mA of cathodic current was applied to the Pt electrode at the Ni CMAS
surface, and e) 0 mA was applied after stopping 8 mA of cathodic current from being
applied to the Pt electrode at the Ni CMAS surface.
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The results from this section suggest that small changes did occur in the Ni
CMAS/H2SO4 system during external forcing that were not observed by the initial visual
inspection of the times series data. The reconstructed attractors, Lyapunov exponent
values, and correlation dimension values for the three Ni CMAS electrodes that was
presented produced results that was similar to the results in the observed for all 40
working electrodes.
The external forcing experiments were repeated multiple times with different
amounts of anodic and cathodic current (1 – 7 mA and 9 – 12 mA) applied to the Pt
electrode at the Ni CMAS surface, no significant increase or decrease in amplitude or
frequency was observed by visually looking at the results of the external forcing
technique used in this work. The lack of significant change in the system may be due it
being tough to induce changes at the low current level in which the initial oscillations in
our Ni CMAS/1 M H2SO4 system are produced. Another reason may be due performing
experiments in too high of H2SO4 concentration. The last reason that may have influenced
the lack of change is the physical dynamics of the oscillatory system, which include
relatively small diameter Ni electrodes on the CMAS going through an electrodissolution
process as the oscillations occur. With smaller electrodes, corrosion occurs at a faster
rate, more surface area could be produced, and a possibility of the base Cu substrate
being exposed is increased. All three of these factors independently or all together could
hinder the oscillatory system. Although no significant changes were produced overall, the
experiments where external forcing cathodic current was applied the Pt electrode
produced the largest changes, which could have changed the oxide composition on the
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electrodes of the CMAS surface, thus hindering major oscillatory changes that were not
observed in the results.
6.4.2.3.3

Frequency and amplitude analysis for current oscillations produced
in Ni CMAS/H2SO4 system with external forcing

The times series data results from external forcing experiments in Figure 6.26 that
was performed on 40 working electrodes of the Ni CMAS were separated based on the
amount of external forcing current (0 mA, 8 mA of cathodic current, or 8 mA of anodic
current) applied to the Pt electrode in the system and plotted as contour plots based on
location (row,column). The amplitude and frequency of the current oscillations were
calculated for each section of time series data. Contour plots for the frequency of
oscillations vs location (row, column) and current amplitude of oscillations vs location
(row, column) in the Ni CMAS/H2SO4 system with and without external forcing are
presented in Figure 6.30 and Figure 6.31, respectively.
Figure 6.30a shows the frequencies of the oscillations for the 40 Ni electrodes on
the CMAS before external forcing was applied. The range of the frequency oscillations
was 0.33 to 0.42 Hz. The electrodes on the first row produced oscillations with the lowest
frequencies, and the third row produced oscillations with the highest frequencies. When 8
mA of anodic current was applied to the Ni CMAS system, the frequency range of the
increased 0.34 to 0.43 Hz (Figure 6.30b). Shifts in the location of the electrodes with the
highest frequency was observed. The electrodes in columns 1, 5, and 6 produced the
lowest frequencies. The highest frequencies were observed in the last four columns of
rows 3 and 4. After stopping the external forcing, the frequency of the electrodes in
Figure 6.26c shifted back close to the original frequencies observed in Figure 6.30a. The
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frequency range of the oscillations at each electrode was 0.32 to 0.42 Hz. The electrodes
with the highest frequencies were located on row three, and the electrodes with the lowest
frequencies remained on columns 5 and 6. In Figure 6.30d, the frequency range of the
electrodes with 8 mA of cathodic current applied to the system was 0.32 to 0.45 Hz. The
electrodes with the highest frequency were located in columns 7 – 10, and the electrodes
with the lowest frequency were located in columns 5 and 6. Figure 6.30e shows a
dramatic shift in the frequency range of the electrodes after stopping the external forcing.
The frequency range shifted from 0.35 to 0.94 Hz. This shift to an extremely high
frequency may have been the result of pitting corrosion occurring on the electrode. When
pitting corrosion occurs the continuous oscillations that are typically produced become
smaller in amplitude and damp out early. The result is typically a faster frequency and
lower current amplitude of the oscillations produced.
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Figure 6.30

Location (row, column) vs Frequency of Ni oscillations of 40 Ni CMAS
electrodes in 1 M H2SO4 solution with and without external forcing current
applied to a Pt electrode at the surface
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Figure 6.30 (continued)
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Figure 6.30 (continued)
Notes: Frequency of the time series data from the experiment performed in Figure 6.26
was calculated in MATLAB R2016. a) Current frequency calculated for the initial time
series data collected from when 0 mA was applied to the Pt electrode at the Ni CMAS
surface. b) Current frequency calculated for the time series data collected while applying
8 mA of anodic current to the Pt electrode at the Ni CMAS surface. c) Current frequency
calculated for time series data collected after stopping 8 mA of anodic current from being
applied to the Pt electrode at the Ni CMAS surface. d) Current frequency calculated for
time series data collected while applying 8 mA of cathodic current to the Pt electrode at
the Ni CMAS surface. e) Current frequency calculated for time series data collected after
applying 8 mA of cathodic current to the Pt electrode at the Ni CMAS surface. The
white-spotted box in Figure 6.30e represents an electrode that was corroded and exposed
copper, which produced small oscillations with high frequency (0.940 Hz).

Figure 6.31a shows the amplitude of the oscillations for the 40 Ni electrodes on
the CMAS before external forcing was applied. The range of the amplitude oscillations
was 5.0×10-8 A to 8.6×10-8 A. The electrodes on the fourth row produced oscillations
with the higher amplitudes, and electrodes that produced oscillations with low current
amplitudes was located on rows 1 and 2. When 8 mA of anodic current was applied to the
Ni CMAS system, the current amplitude range of the oscillations produced was 2.8×10-8
– 8.6×10-8 A (Figure 6.31b). Shifts in the location of the electrodes that produced the
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oscillations with the highest current amplitude was observed in columns 2, 3, 7, and 8.
The oscillations with lower current amplitudes was produced with electrodes found in
rows 1 and 3. After stopping the external forcing, the current amplitude of the oscillations
produced with the electrodes in Figure 6.31b shifted to lower current amplitudes (Figure
6.31c). The current amplitude range of the oscillations at each electrode remained the
same. The electrodes that produced oscillations with the highest current amplitudes were
located on row 4 in column 4 and 5. The electrodes with the oscillations that produced
the lowest current amplitudes were located in columns 7 and 8 on row 2. Figure 6.31d
presents the current amplitude of oscillations produced by electrodes with 8 mA of
cathodic current applied to the system. The range of the current amplitudes remained the
same as the ranges the previous two plots in Figure 6.31b and Figure 6.31c. An overall
increase in current amplitudes of oscillations produced at each electrode was observed.
The electrodes with the highest frequency were located in columns 5 and 6 on row 2.
Figure 6.31e shows a dramatic shift in the amplitude range of the electrodes after
stopping the external forcing. The overall current amplitude range 2.0×10-8 – 8.5×10-8 A.
As previously mentioned, this shift to lower current amplitudes during this part of the
experiment performed in Figure 6.26 may have been the result of pitting corrosion
occurring on the electrode.
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Figure 6.31

Location (row, column) vs amplitude of Ni oscillations of 40 Ni CMAS
electrodes in H2SO4 solution with and without external forcing current
applied to a Pt electrode at the surface
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Figure 6.31 (continued)
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Figure 6.31 (continued)
Notes: Amplitude of the time series data from the experiment performed in Figure 6.26
was calculated in MATLAB R2016. a) Current amplitudes calculated for the initial time
series data collected from when 0 mA was applied to the Pt electrode at the Ni CMAS
surface. b) Current amplitudes calculated for the time series data collected while applying
8 mA of anodic current to the Pt electrode at the Ni CMAS surface. c) Current amplitudes
calculated for time series data collected after applying 8 mA of anodic current to the Pt
electrode at the Ni CMAS surface. d) Current amplitudes calculated for time series data
collected while applying 8 mA of cathodic current to the Pt electrode at the Ni CMAS
surface. e) Current amplitudes calculated for time series data collected after applying 8
mA of cathodic current to the Pt electrode at the Ni CMAS surface.

The results in this section presented the amplitude and frequency of Ni
oscillations results from the external forcing of Ni CMAS/H2SO4.system. Changes in the
system were observed as 8 mA of anodic and cathodic current was applied to the system.
Although these results show changes in the system, more experiments need to be
performed in order to conclusively show that the oscillations are completely controlled by
the external forcing in the system. The location of the Pt electrode, which was positioned
1 mm above the center of the first row of 10 electrodes on each CMAS surface, had an
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effect on the experiment results as well. The frequency and current amplitude of the
current oscillations created by the Ni CMAS was noticeably changed as external forcing
anodic and cathodic current was applied. The frequency of the oscillations created by the
Ni electrodes on the first row of columns 5–8 only showed a dramatic change in Figure
6.30e. On the other hand, the current amplitude of oscillations produced by these same Ni
CMAS electrodes steadily increases until 8 mA of anodic current was applied. More
experiments also need to be performed in order to show exactly how the location of the Pt
electrode affects the frequency and amplitude of the current oscillations at certain (row,
column) locations in the Ni system.
6.4.2.3.4

External Forcing to create Ni oscillations in non-oscillatory potential
regions

A second type of experiments were performed to create continuous current
oscillations in in damped oscillatory regions. Figure 6.32a shows the potentiostatic
dissolution of the Ni/1 M H2SO4 system at 1.65 V. Figure 6.32b shows the external
forcing of the Ni/1 M H2SO4 system in a damped oscillatory potential region. Initially,
damped oscillations were produced in the system. External forcing anodic current (8 mA)
was applied to the Pt electrode in the system after 100 s, continuous Ni oscillations were
produced as a result. The external forcing was stopped after 210 s, and current
oscillations in the Ni CMAS/1 M H2SO4 system immediately terminated. The amplitude
and frequency of the Ni oscillations created by electrode 1 on row one of the Ni CMAS
was 5.81×10-8 A and 0.330 Hz, respectively. The amplitude (7.01×10-8 A) and frequency
(0.330 Hz) for the other two electrodes were approximately the same.
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Figure 6.32

External forcing of Ni CMAS/1 M H2SO4 system in damped oscillation
potential region at a constant potential of 1.65 V

Notes: a) No external forcing applied to the system b) 8 mA of external forcing anodic
current applied to Pt electrode at the electrodes surface of the Ni CMAS.

The corresponding reconstructed attractor, which was produced from time series
data of the three Ni CMAS electrodes in 1 M H2SO4 with external forcing (8 mA anodic
current) at a constant potential of 1.65 V, shows slightly chaotic dynamics (Figure 6.33).
Each system has lines that folds into a rough triangle-like shape. The attractor for data
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collected from electrode one on row one has a slightly different shape and size than the
other two attractors. A time delay of 1.64 s and embedding dimension of 2 were used to
make the attractor in Figure 6.33a. For comparison purposes, this attractor was plotted in
an embedding dimension of 3. The largest Lyapunov exponent and correlation dimension
of this attractor are estimated to be 0.0046 and 2.34, respectively. The other two
corresponding reconstructed attractors for time series data of show have similar values
for the largest Lyapunov exponent and correlations dimension. A time delays used to
make both attractors is about 1.0 s and embedding dimension of both attractors was 3.
The largest Lyapunov exponent and correlation dimension for both attractors were
estimated to be essentially the same with values around 0.0055 and 2.45, respectively.

Figure 6.33

Reconstructed unforced attractors using time delay coordinates (data taken
from Figure 6.32b)

Notes: The attractors are produced from time series data collected from experiments with
electrodes a) (1,1), b) (3,5), and (4,10) of the Ni CMAS in 1 M H2SO4 with 8 mA of
anodic current applied to the Pt electrode at the Ni CMAS surface.
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6.5

Conclusion
In this chapter, we have presented work on Bi, Fe, Ni, and Cu CMASs. The

CMASs were fabricated and used to analyze the oscillatory phenomena that occurs in Bi
CMAS/H2SO4/thiourea, Cu CMAS/TFA, Fe/HNO3, and Ni/H2SO4 systems. Because of
limitations with the MMA potentiostat only external forcing experiments were performed
with the Ni and Cu CMASs. It was shown that many of the features previously observed
in single Fe electrode in different acidic solutions are also produced in the metal
CMAS/acid solution systems in this chapter. It is clearly shown that the external forcing
technique used in this chapter produces continuous oscillations in stable steady state
potential regions when the appropriate amount of external anodic current is applied to the
Pt electrode near the CMAS surface. Further analysis of these unique systems must be
performed with Ni and Cu CMASs to gain more information about the oscillatory and
corrosion process that occur.
Future development will include creating CMASs with different orientations
(3×3, 5×5, circles, and triangles patterns) to see how oscillations are affected during
electrochemical experiments. Also, multi-metal CMAS will be fabricated to see how
oscillations are affected. Other electrochemical experiments (corrosion and impedance
experiments will also be performed on these systems. Furthermore, the parameters
(concentration, external resistance, cell orientation, and electrode size) used during
electrochemical studies in this chapter can be changed, and the experiments in this
chapter can also be repeated.
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CHAPTER VII
CONCLUSION AND FUTURE WORK
7.1
7.1.1

Summary of work
External forcing of Fe single electrode in different acidic solutions
In particular, it was shown that current oscillations will grow larger in size and

amplitude when increasing amounts of external anodic current is applied at the Fe
electrode surface in acidic solutions. This coincides with an increase in H+ concentration.
The opposite trend occurs when external cathodic current is applied. The current
oscillations grow smaller or the oscillations were suppressed as the local proton
concentration in certain acidic solution is decreased by a steady increase in external
forcing cathodic current applied at the Fe WE surface. Furthermore, the oscillatory
process that occurs in Fe/acid systems can be significantly hindered by applying small
amounts of external forcing current. It was also shown that pitting corrosion occurs
during all electrochemical experiments with Fe in acidic solutions.
7.1.2

External forcing of Ni single electrode via proton concentration change
Periodic oscillations were successfully controlled by changing the concentration

of H2SO4 solution at the Ni electrode surface via external forcing. The H+ concentration
at the Ni surface was altered by increasing the amount current applied to the Pt electrode.
Periodic oscillations transitioned from typical oscillations of Ni system to quasi- and
mixed-mode oscillations. Chaotic oscillations can be created in non-oscillatory regions
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when high enough external forcing cathodic currents are applied to the Ni/H2SO4 system.
The optimal conditions and practice for running potentiostatic experiments with any type
of external forcing in Ni/H2SO4 systems include: incorporating the external forcing part
of the experiment after the passivation region has become active again, having a smooth
working electrode surface, and using a peristaltic pump or some kind of flow system for
sufficient solution flow (increase convection of the system).
7.1.3

External forcing of Ni single electrode via inductive heating
The temperature of a Ni electrode in 6 mM Ru(NH3)6 3+ with 0.1 M KCl

supporting electrolyte solution was calculated by using a pulsed inductive heating
technique. Ni oscillations were externally forced to transition from damped oscillatory
states to continuous oscillatory steady states. High inductive heating pulse cause the
oscillations in a Ni/H2SO4 system to terminate, but they will be reproduced if enough Ni
metal is still available on the surface and the initial parameter conditions are met after a
certain period of time. This shows that Ni/H2SO4 systems produce oscillations that are
not easily perturbed unless the external forcing is continuous.
7.1.4

Systematic fabrication of coupled microelectrode array sensor
Four 10 × 10 electrodes arrays sensors were successfully made using the

techniques described in this work. A systematic approach was used to illustrate how to
make these durable devices in a cheap, effective, and systematic way. The homemade jig
used during the fabrication process offers the possibility of making arrays with different
shapes and orientations. CMAS were used as substrates to coat other metals on the arrays
surface. Nickel, lead, iron, silver, zinc, and bismuth were all successfully electroplated on
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the copper CMAS. Cyclic voltammetry was performed with an MMA potentiostat to
verify the CMAS were working properly and to verify that the metal of interest was
deposited on each electrode on the array.
7.1.5

Electrochemical studies with bare and coated CMAS
10 × 10 CMASs were successfully used in electrochemical studies of the periodic

oscillations produced on different Ni, Fe, Bi, and Cu CMASs in acidic solutions. Similar
to the work performed in Chapter II and Chapter III, an external forcing technique was
used to control the oscillations produced in a metal array sensor/acid system. It was
shown that current oscillations can be produced via local change in proton concentration
at metal CMASs surfaces in low concentration solutions with potentials applied to Pt
electrodes as potentials are applied to the metal CMAS that typically would not produce
oscillations. Nonlinear time series analysis approaches were used to further analyze the
collected data.
This work also illustrates another useful way in which CMAS can be utilized to studying
non-traditional electrochemical systems.
7.1.6

Future work
There is still more work that needs to be done to gain a better understanding of

metal oscillatory systems. The preliminary work performed on the inductively heated Ni
electrodes in Chapter III will be extended to repeat the work with other metals. For
example, Pt electrodes are capable of producing periodic and chaotic oscillations in
formic acid and HCl solutions. Furthermore, different size electrodes can be incorporated
and used in other electrochemical experiments.
257

In the previous chapter, electrochemical studies were performed with bare and
coated CMAS in the analysis of metal/acid systems that produce oscillations. These
systems only focus on analysis of one metal at a time. Future work will include making
multi-metal CMAS via different electrodeposition techniques that can be used to simulate
alloyed metals. For example, the oscillations of a multi-metal CMAS that has Ni and Fe
incorporated as the metals can be studied in H2SO4 during potentiostatic steps. These
experiments can be extended by using the multi-metal CMASs to further understand how
oscillation propagate spatially across the electrode array surface as a function of localized
forcing by applying an open circuit potential while simultaneously externally forcing the
system by using a platinum electrode to locally change or by using pulsed inductive
heating currents in particular regions of the CMAS. These facts open up the door to a
whole range of possible experiments that can be performed.
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APPENDIX A
SUPPORTING INFORMATION
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A.1

Fe Oscillations in Different Acid Solutions

Figure A.1

Cyclic voltammetry of electro-oxidation of different 1.0 M acids on a Fe
electrode 22°C

Notes: a) Forward sweeps and b) reverse CV sweeps.

260

Table A.1

Amplitude and frequency of Fe oscillations in 0.5 M HNO3 solution after
external forcing

Potentiostaic
Experiment
Performed
During Extenal
Forcing with Pt WE

Ex Forcing
Current Applied

Peak Amplitude
(A)

Peak Frequency
(Hz)

0 mA (original)
3.20×10-3
0.2291
-3
8 mA (anodic)
5.54×10
0.1333
-3
0
mA
(after
anodic)
3.24×
10
0.2629
1
8 mA (cathodic)
N/A
N/A
-3
0 mA (after cathodic) 2.67×10
0.2857
0 mA (original)
3.06×10-3
0.2089
-3
6 mA (anodic)
4.50×10
0.1431
2
0 mA (after anodic)
2.69×10-3
0.2446
-4
6 mA (cathodic)
4.36×10
0.3541
0 mA (after cathodic) 2.12×10-3
0.2562
-3
0 mA (original)
2.35×10
0.2425
-4
4 mA (cathodic)
7.40×10
0.3223
3
0 mA (after cathodic) 1.89×10-3
0.2475
-3
4 mA (anodic)
3.93×10
0.1463
0 mA (after anodic)
2.16×10-3
0.2470
-3
0 mA (original)
2.22×10
0.2253
2 mA (anodic)
3.13×10-3
0.18535
-3
4
0 mA (after anodic)
2.12×10
0.2304
-4
2 mA (cathodic)
8.06×10
0.2907
0 mA (after cathodic) 1.69×10-3
0.2177
-3
0 mA (original)
2.16×10
0.1949
1 mA (cathodic)
1.29×10-3
0.2145
-3
5
0 mA (after cathodic) 1.63×10
0.1998
1 mA (anodic)
2.43×10-3
0.1905
-3
0 mA (after anodic)
1.87×10
0.1961
Notes: 0 mA, 1 mA, 2 mA, 4 mA, 6 mA, and 8 mA of anodic and cathodic current were
applied locally to a Pt electrode at the electrode surface in system. Data collected from
potentiostatic experiments performed in Figure 2.4 was used to calculate the amplitude
and frequency was calculated in MATLAB.
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Table A.2

Amplitude and frequency caculated after creating current oscillations by
applying various amounts of exteranal forcing anodic current

Ex Forcing Current Applied Peak Amplitude (A) Peak Frequency (Hz)
8 mA Anodic
3.37×10-3
0.0993
6 mA Anodic
2.41×10-3
0.1333
-3
4 mA Anodic
1.09×10
0.1409
2 mA Anodic
N/A
N/A
Notes: 2, 4, 6, and 8 mA of aapplied to a Pt electrode at Fe electrode surface in HNO3
solution. Data collected from potentiostatic experiments performed in Figure 2.7 was
used to calculate the amplitude and frequency was calculated in MATLAB.

Table A.3

Creating current oscillations by applying various amounts of exteranal
forcing anodic current at the Fe electrode surface in H2SO4.

Ex Forcing Current Applied Peak Amplitude (A) Peak Frequency (Hz)
10 mA Anodic
7.93×10-3
0.02784
-3
9 mA Anodic
7.66×10
0.03065
8 mA Anodic
7.20×10-3
0.33909
-3
6 mA Anodic
6.50×10
0.34630
4 mA Anodic
6.34×10-3
0.39081
Notes: Data collected from potentiostatic experiments performed in Figure 2.11 was used
to calculate the amplitude and frequency was calculated in MATLAB.
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Table A.4

Creating current oscillations by applying various amounts of exteranal
forcing anodic current to a Pt electrode at the Fe electrode surface in
HClO4.

Ex Forcing Current Applied Peak Amplitude (A) Peak Frequency (Hz)
8 mA Anodic
N/A
N/A
-3
6 mA Anodic
2.44×10
0.0076
-3
4 mA Anodic
2.19×10
0.0178
2 mA Anodic
N/A
N/A
Notes: Data collected from potentiostatic experiments performed in Figure 2.16 was used
to calculate the amplitude and frequency was calculated in MATLAB.

Table A.5

Creating current oscillations by applying various amounts of external
forcing anodic current to a Pt electrode at the Fe electrode surface in H3PO4

Ex Forcing Current Applied Peak Amplitude (A)
Peak Frequency (Hz)
10 mA Anodic
5.85×10-4
6.8580
8 mA Anodic
4.87×10-4
6.7420
-4
6 mA Anodic
1.72×10
5.9970
4 mA Anodic
N/A
N/A
Notes: Data collected from potentiostatic experiments performed in Figure 2.19 was used
to calculate the amplitude and frequency was calculated in MATLAB.
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Table A.6

Amplitude and frequency of Fe oscillations in H2SO4 solution with external
forcing

Experiment
Performed

Ex Forcing
Peak Amplitude
Peak Frequency
Current Applied
(A)
(Hz)
0 mA (original)
6.90×10-3
0.0749
8 mA (cathodic)
N/A
N/A
-3
0 mA (after
7.12×10
0.0868
1
cathodic)
8 mA (anodic)
N/A
N/A
0 mA (after anodic) 7.06×10-3
0.1810
-3
0 mA (original)
7.06×10
0.1810
6 mA (cathodic)
N/A
N/A
-3
2
0 mA (after
7.30×10
0.1232
cathodic)
6 mA (anodic)
N/A
N/A
0 mA (after anodic) 7.04×10-3
0.1029
-3
0 mA (original)
6.61×10
0.0852
4 mA (cathodic)
N/A
N/A
3
0 mA (after
6.71×10-3
0.0955
cathodic)
4 mA (anodic)
N/A
N/A
-3
0 mA (after anodic) 6.46×10
0.1081
0 mA (original)
6.76×10-3
0.2369
2 mA (cathodic)
N/A
N/A
4
0 mA (after
6.75×10-3
0.3129
cathodic)
2 mA (anodic)
1.57×10-3
4.7520
0 mA (after anodic) N/A
N/A
-3
0 mA (original)
6.46×10
0.1808
1 mA (anodic)
7.28×10-3
0.0367
-3
5
0 mA (after anodic) 6.26×10
0.1171
1 mA (cathodic)
2.01×10-3
1.8450
-3
0 mA (after
6.29×10
0.1168
cathodic)
Notes: 0 mA, 1 mA, 2 mA, 4 mA, 6 mA, and 8 mA of anodic and cathodic current
applied to a Pt electrode locally at the electrode surface in system. Data collected from
potentiostatic experiments performed in Figure 2.9 was used to calculate the amplitude
and frequency was calculated in MATLAB.
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Table A.7

Amplitude and frequency of Fe oscillations in HClO4 solution before, after,
and during external forcing

Experiment
Performed

Ex Forcing
Peak Amplitude
Peak Frequency
Current Applied
(A)
(Hz)
-3
0 mA (original)
2.05×10
0.0212
8 mA (anodic)
N/A
N/A
-3
0
mA
(after
anodic)
2.35×
10
0.0295
1
8 mA (cathodic)
N/A
N/A
0 mA (after
N/A
N/A
cathodic)
0 mA (original)
1.94×10-3
0.0388
6 mA (anodic)
N/A
N/A
-3
2
0 mA (after anodic)
2.11×10
0.0163
6 mA (cathodic)
N/A
N/A
0 mA (after
N/A
N/A
cathodic)
0 mA (original)
2.23×10-3
0.0218
4 mA (anodic)
2.83×10-3
0.0081
-3
3
0 mA (after anodic)
2.19×10
0.0264
4 mA (cathodic)
N/A
N/A
0 mA (after
N/A
N/A
cathodic)
0 mA (original)
1.94×10-3
0.0104
-3
2 mA (anodic)
2.57×10
0.0144
4
0 mA (after anodic)
1.95×10-3
0.0582
2 mA (cathodic)
N/A
N/A
0 mA (after
N/A
N/A
cathodic)
0 mA (original)
2.09×10-3
0.0278
-3
1 mA (anodic)
2.57×10
0.0125
-3
5
0 mA (after anodic)
2.05×10
0.0283
1 mA (cathodic)
N/A
N/A
-3
0 mA (after
1.97×10
0.0213
cathodic)
Notes: 0 mA, 1 mA, 2 mA, 4 mA, 6 mA, and 8 mA of anodic and cathodic current
applied to Pt electrode locally at the Fe electrode surface in system. Data collected from
potentiostatic experiments performed in Figure 2.13 was used to calculate the amplitude
and frequency was calculated in MATLAB.
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A.2

OpenTsTOOL, TISEAN Package, and MATLAB
OpenTSTOOL has been developed by Christian Merkwirth, Ulrich Parlitz, Immo

Wedekind, David Engster, and Werner Lauterborn. It is a software packaged created for
signal processing of nonlinear time-series analysis with the purpose of creating
expandable platforms for signal processing, developing new methods for specific data
analysis problems, and implementing existing algorithms for non-linear time-series
analysis.
The TISEAN package has been developed by Rainer Hegger, Holger Kantz, and
Thomas Schreiber and is freely available free at https://www.pks.mpg.de/~tisean/Tisean_
3.0.1/. It is a software package for the implementation of methods for analysis of time
series based on the theory of nonlinear deterministic systems and chaos theory.
Table A.8

Programs with the functions used to calculate the quantities of nonlinear
time series analysis

Program name
OpenTSTOOL package
TISEAN package
OpenTSTOOL package
TISEAN package
OpenTSTOOL package
TISEAN package
OpenTSTOOL package
TISEAN package

Quantity calculated
optimum time delay
embedding dimension
largest Lyapunov
exponent
correlation Dimension
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Function used for calculations
amutual
mutual
Cao and nearneigh
false_nearest
lyap_K
largelyap
takens_estimator
c2t

A.3

External Forcing of Single Ni Electrode with a Pt electrode

Figure A.2

Potentiostatic scan of continuous external forcing on Ni electrode in H2SO4
with 16 mA of anodic current applied to a Pt electrode.

Notes: A potential of 1.85 V applied to the system to create oscillations during the
potentiostatic step.

Figure A.3

Potentiostatic scan at a constant potential of 1.85 V of external forcing (60
to 505 s) on Ni electrode in H2SO4 solution.

Notes: a) 0 mA, b)10 mA cathodic, c) 0 mA, d) 10 mA anodic, e1) 16 mA, e2) 17 mA,
and f) 0 mA of anodic currents applied.
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Figure A.4

Potentiostatic scan at a constant potential of 1.85 V of external forcing on
Ni electrode in H2SO4 with 16 mA of anodic current applied to Pt electrode
continuously from 85 s to 525 s.
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A.4

Experimental Setup for Single Nickel Electrode Inductive Heating

Figure A.5

Photograph of the induction heating system.
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Figure A.6

A.5

Nickel working electrode and induction heating apparatus for induction
heating system

Bare and Coated CMAS Fabrication
A jig for constructing the array was made from 8 in segments of a (2 × 4) board

(Figure A.7). One segment was centered and nailed vertically to a second segment that
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was laid flat (horizontal). Glass slides were covered with polyethylene (from a Zip-Lock
bag) and taped on both sides of the vertical board with double sided tape about 3 in from
the bottom. 3-3/4 in sinker nails were lined up and nailed (3/4 in deep) in the flat board
exactly 3 in from the vertically centered board.

Figure A.7

(a) Homemade jig for making rows of electrodes (b) Finished 10 electrode
piece

The schematic layout in Figure A.8. illustrates the procedure used to stack 10
pieces of 10 electrodes. Polyethylene plastic was used to cover the surface so that the
arrays would be easily removed from the surface after the curing process. Clamps were
used to hold the glass slides and plastic down. A thin coat of EPON 828 epoxy resin and
TETA hardener mixture was applied with a paint brush on each row before the next row
was stacked. Three sets of three glass slides (taped together with double sided tape) were
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used to hold the stack in place while the wires were heated for two min with a heat gun.
(Note: (a) The polyethylene plastic on the stand melts easily so the heat gun was not held
close to the surface of the set up. (b) The rows of wires tend to rise if they are not held
down long enough after using the heat gun, so they were held down for 15 min by hand
or a small, lightweight object was placed over the slides to hold them in place. (c) Light
pressure was applied when the wires were held down.).

Figure A.8

Schematic for stacking the 10 rows of 10 Cu electrodes

The 100 wires of the electrode assembly were soldered to a homebuilt circuit
board adapter (Figure A.8). (Note: The circuit board follows a certain pattern. Grid one in
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the center of the circuit board is connected to row one on the electrode array (10 × 10).
This trend is continued with grids 0 – 9. In each grid, the starting point is the hole with
the white brackets around it. Each wire is soldered consecutively by going up the left
column, switching columns (move to the column to the right) and soldering going down
the column. The 10th wire should always be soldered to the right of the first wire in the
grid.

Figure A.9

The microelectrode array adapter for the electrical connections of the
electrode and board to board

Notes: The microelectrode array adapter was designed in house by David Wipf.
https://oshpark.com/shared_projects/rDBX75tv and
https://oshpark.com/shared_projects/dSaXEvXX
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Figure A.10

Complete experimental setup with MMA for CMAS electrochemical
experiments
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Figure A.11

Complete experimental cell setup for Cu CMAS electrochemical
experiments
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Figure A.12

Connecters and resistors connected to the CMAS during Ni experiments

Note: Parts purchased from this website: https://oshpark.com/shared_projects/jvi0txsH
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Figure A.13 Top view of CMAS experimental cell
Note: The two carbon rods (CE) were connected by copper wire with alligator clamps

A.6

Electrochemical experiments with bare and coated CMASs

Table A.9

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies of Bi and Fe CMASs

Metal
CMAS

Potential
Applied
(V)

Frequency
(Hz)

Amplitude
(A)

Time
Delay
(s)

Bismuth
Bismuthi
Bismuthii
Iron
Iron

0.30
0.35
0.35
-0.235
-0.225

0.8900
0.7010
0.7402
1.0400
0.1700

6.72×10-5
9.48×10-5
1.06×10-4
4.75×10-3
5.61×10-3

0.24
0.72
0.71
0.82
4.50

Embedding
Dimension

3
4
4
4
3

Largest
Lyapunov
exponent

Correlation
Dimension

0.0236
0.0069
0.0062
0.0112
0.0163

2.36
2.28
2.27
1.03
1.05

Notes: Data calculated in OpenTSTOOL and MATLAB R2008a packages. Bismutha
represents the time series data sets for the Bi current oscillations produced during
potentiostatic measurements in Figure 6.6 (insert i). Bismuthb represents the time series
data for the current oscillations produced during potentiostatic measurements in Figure
6.6b (insert ii). Values for Fe CMAS were calculated from data collected in experiments
performed in Figure 6.4.
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Table A.10

Cu Metal
CMAS
Electrode
(row,
column)
(1,1)
(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(1,7)
(1,8)
(1,9)
(1,10)
(2,1)
(2,2)
(2,3
(2,4)
(2,5)
(2,6)
(2,7)
(2,8)
(2,9)
(2,10)
(3,1)
(3,2)
(3,3)
(3,4)
(3,5)
(3,6)
(3,7)
(3,8)
(3,9)
(3,10)
(4,1)
(4,2)
(4,3)
(4,4)
(4,5)
(4,6)
(4,7)
(4,8)
(4,8)
(4,9)
(4,10)

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies for Cu CMAS electrodes in 0.5 M TFA solution
at a potential of 0.549 V
Potential
Applied
(V)

Frequency
(Hz)

Amplitude
(A)

Time
Delay

Embedding
Dimension

0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549
0.549

0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968
0.1968

4.54×10-6
4.44×10-6
4.52×10-6
4.50×10-6
4.51×10-6
4.48×10-6
4.34×10-6
4.44×10-6
4.49×10-6
4.54×10-6
4.51×10-6
4.51×10-6
4.54×10-6
4.44×10-6
4.54×10-6
4.52×10-6
4.46×10-6
4.54×10-6
4.52×10-6
4.51×10-6
4.48×10-6
4.34×10-6
4.44×10-6
4.49×10-6
4.42×10-6
4.51×10-6
4.51×10-6
4.34×10-6
4.51×10-6
4.48×10-6
4.39×10-6
4.44×10-6
4.49×10-6
4.54×10-6
4.51×10-6
4.35×10-6
4.54×10-6
4.51×10-6
4.54×10-6
4.32×10-6
4.32×10-6

1.84
1.75
1.61.
1.58
1.36
1.48
1.65
1.66
1.55
1.73
1.81
1.64
1.79
1.76
1.75
1.68
1.56
1.69
1.42
1.43
1.36
1.48
1.65
1.66
1.36
1.73
1.81
1.64
1.79
1.76
1.75
1.36
1.48
1.65
1.66
1.55
1.37
1.81
1.44
1.79
1.45

4
4
4
3
4
4
4
4
4
4
4
4
4
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
4
4
4
4
4
4
4
4
3
3

Largest
Lyapunov
exponent

Correlatio
n
Dimension

0.0072
0.0071
0.0073
0.0071
0.0073
0.0072
0.0072
0.0072
0.0073
0.0074
0.0073
0.0073
0.0072
0.0072
0.0073
0.0074
0.0073
0.0073
0.0072
0.0072
0.0073
0.0074
0.0073
0.0073
0.0070
0.0072
0.0072
0.0073
0.0074
0.0073
0.0073
0.0072
0.0072
0.0073
0.0074
0.0074
0.0073
0.0072
0.0073
0.0074
0.0074

2.55
2.63
2.71
2.66
2.73
2.71
2.81
2.78
2.59
2.73
2.71
2.66
2.63
2.71
2.81
2.78
2.55
2.63
2.71
2.66
2.77
2.71
2.84
2.78
2.89
2.55
2.63
2.71
2.64
2.73
2.71
2.81
2.78
2.55
2.66
2.75
2.67
2.63
2.71
2.81
2.73

Notes: The time series data sets from experiments performed Figure 6.10a was analyzed
to calculate the data in this table. OpenTSTOOL and MATLAB R2008a packages were
used to analyze and calculate the values in the table.
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Table A.11

Cu Metal
CMAS
Electrode
(row,
column)
(1,1)
(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(1,7)
(1,8)
(1,9)
(1,10)
(2,1)
(2,2)
(2,3
(2,4)
(2,5)
(2,6)
(2,7)
(2,8)
(2,9)
(2,10)
(3,1)
(3,2)
(3,3)
(3,4)
(3,5)
(3,6)
(3,7)
(3,8)
(3,9)
(3,10)
(4,1)
(4,2)
(4,3)
(4,4)
(4,5)
(4,6)
(4,7)
(4,8)
(4,8)
(4,9)
(4,10)

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies for Cu CMAS electrodes in 0.5 M TFA solution
at a potential of 0.625 V.
Potential
Applied
(V)

Frequency
(Hz)

Amplitude
(A)

Time
Delay

Embedding
Dimension

0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625
0.625

0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256
0.0256

6.92×10-6
6.91×10-6
7.190×10-6
6.92×10-6
6.90×10-6
7.30×10-6
6.92×10-6
6.99×10-6
7.10×10-6
7.02×10-6
6.92×10-6
7.18×10-6
7.19×10-6
6.99×10-6
7.00×10-6
6.95×10-6
6.94×10-6
7.00×10-6
6.99×10-6
6.93×10-6
6.97×10-6
6.98×10-6
6.99×10-6
7.01×10-6
6.92×10-6
6.96×10-6
6.99×10-6
6.95×10-6
6.92×10-6
6.93×10-6
7.30×10-6
6.98×10-6
7.12×10-6
7.30×10-6
7.22×10-6
6.99×10-6
7.15×10-6
6.96×10-6
6.99×10-6
7.15×10-6
7.30×10-6

12.91
12.78
12.49
12.11
11.68
12.46
10.14
12.68
12.55
11.91
12.61
12.36
12.90
12.62
9.99
12.51
12.67
10.96
12.36
12.58
12.36
12.89
12.88
12.36
12.68
12.91
12.58
12.56
12.90
12.68
11.36
12.84
12.69
12.66
12.90
12.68
9.99
12.88
12.78
9.36
9.36

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

Largest
Lyapunov
exponent

Correlation
Dimension

0.0098
0.0096
0.0077
0.0068
0.0058
0.0064
0.0056
0.0087
0.0077
0.0069
0.0082
0.0077
0.0085
0.0080
0.0058
0.0082
0.0088
0.0047
0.0078
0.0085
0.0077
0.0092
0.0098
0.0087
0.0078
0.0090
0.0068
0.0070
0.0096
0.0078
0.0057
0.0092
0.0075
0.0079
0.0090
0.0078
0.0057
0.0091
0.0084
0.0046
0.0047

1.62
1.80
1.66
1.75
1.80
1.58
1.92
1.60
1.55
1.82
1.67
1.62
1.66
1.64
1.60
1.82
1.80
1.62
1.72
1.65
1.79
1.89
1.90
1.72
2.00
1.97
1.83
1.82
1.88
1.77
1.72
1.90
1.80
1.79
1.72
1.65
1.55
1.82
1.89
1.52
1.52

Notes: The time series data sets from experiments performed in Figure 6.10b was
analyzed to calculate the data in this table. OpenTSTOOL and MATLAB R2008a
packages were used to analyze and calculate the values in the table.
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Table A.12

Cu Metal
CMAS
Electrode
(row,
column)
(1,1)
(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(1,7)
(1,8)
(1,9)
(1,10)
(2,1)
(2,2)
(2,3
(2,4)
(2,5)
(2,6)
(2,7)
(2,8)
(2,9)
(2,10)
(3,1)
(3,2)
(3,3)
(3,4)
(3,5)
(3,6)
(3,7)
(3,8)
(3,9)
(3,10)
(4,1)
(4,2)
(4,3)
(4,4)
(4,5)
(4,6)
(4,7)
(4,8)
(4,8)
(4,9)
(4,10)

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies for Cu CMAS electrodes in 0.5 M TFA solution
at a potential of 0.650 V.
Potential
Applied
(V)

Frequency
(Hz)

Amplitude
(A)

Time
Delay

0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650
0.650

0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248

6.97×10-6
7.43×10-6
7.15×10-6
6.98×10-6
7.20×10-6
7.22×10-6
6.99×10-6
7.10×10-6
7.42×10-6
6.99×10-6
7.10×10-6
7.32×10-6
6.98×10-6
6.99×10-6
7.35×10-6
6.98×10-6
7.11×10-6
7.42×10-6
6.97×10-6
7.14×10-6
7.32×10-6
7.32×10-6
7.10×10-6
7.12×10-6
7.10×10-6
6.98×10-6
7.25×10-6
7.32×10-6
7.00×10-6
7.10×10-6
7.22×10-6
7.19×10-6
7.15×10-6
7.33×10-6
6.97×10-6
7.13×10-6
7.26×10-6
6.98×10-6
7.30×10-6
7.42×10-6
7.41×10-6

7.92
8.64
7.95
7.99
8.25
8.35
7.98
8.30
8.45
8.55
8.24
8.35
8.36
8.37
8.45
7.99
8.05
8.66
8.37
8.09
8.48
8.39
8.26
8.07
8.65
8.00
8.40
8.41
8.39
8.39
8.24
8.11
8.10
8.15
8.45
8.14
8.15
8.11
8.19
8.30
7.85

Embedding
Dimension

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

Largest
Lyapunov
exponent

Correlation
Dimension

0.0046
0.0036
0.0048
0.0046
0.0035
0.0038
0.0046
0.0035
0.0038
0.0044
0.0034
0.0038
0.0039
0.0038
0.0036
0.0046
0.0035
0.0028
0.0036
0.0039
0.0034
0.0036
0.0035
0.0038
0.0036
0.0043
0.0039
0.0038
0.0037
0.0038
0.0041
0.0045
0.0045
0.0040
0.0056
0.0038
0.0039
0.0041
0.0045
0.0048
0.0068

0.85
0.94
0.91
0.90
0.86
0.87
0.92
0.94
0.94
0.90
0.88
0.87
0.86
0.87
0.92
0.94
0.94
0.86
0.87
0.92
0.95
0.94
0.89
0.92
0.94
0.85
0.94
0.91
0.90
0.86
0.87
0.92
0.94
0.94
0.90
0.88
0.87
0.88
0.91
0.94
0.95

Notes: The time series data sets from experiments performed in Figure 6.10c was
analyzed to calculate the data in this table. OpenTSTOOL and MATLAB R2008a
packages were used to analyze and calculate the values in the table.
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Table A.13

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies during the external forcing of a Cu CMAS

Metal
CMAS
Electrode
(row,
column)

Ex
Forcing
Current
Applied

Frequency
(Hz)

Amplitude
(A)

Time
Delay
(s)

(1,1)
(3,5)
(4,10)
(1,1)
(3,5)
(4,10)
(1,1)
(3,5)
(4,10)

6 mA
6 mA
6 mA
8 mA
8 mA
8 mA
10 mA
10 mA
10 mA

0.1601
0.1854
0.1854
0.1396
0.1490
0.1520
0.1480
0.1480
0.1480

5.93×10-7
9.09×10-7
7.05×10-7
1.32×10-6
2.35×10-6
1.63×10-6
2.88×10-6
2.01×10-6
2.41×10-6

1.88
1.69
1.79
1.64
1.85
1.78
2.31
1.65
1.65

Embedding
Dimension

3
3
2
4
4
3
4
4
4

Largest
Lyapunov
exponent

Correlation
Dimension

0.0058
0.0072
0.0071
0.0053
0.0038
0.0057
0.0063
0.0047
0.0071

2.14
2.64
2.21
3.22
2.83
2.96
2.82
3.31
3.68

Notes. The time series data sets from experiments performed in Figure 6.15 was analyzed
to calculate the data in this table. OpenTSTOOL and MATLAB R2008a packages were
used to analyze and calculate the values in the table.

Table A.14

Amplitude, frequency, and nonlinear time-series analysis calculations for
the external forcing of a Ni CMAS/H2SO4 system to create oscillations

Metal
CMAS
Electrode
(row,
column)

Type of
Oscillations

Frequency

Amplitude

Time
Delay

Embedding
Dimension

(1,1)
(3,5)
(4,10)
(1,1)
(3,5)
(4,10)

damped
damped
damped
created
created
created

0.306
0.315
0.250
0.330
0.329
0.330

8.59×10-8
8.01×10-8
2.30×10-8
5.81×10-8
7.08×10-8
4.81×10-8

1.29
1.73
1.66
1.64
1.08
1.04

3
3
3
2
3
3

Largest
Lyapuno
v
exponent

Correlation
Dimension

0.0026
0.0037
0.0012
0.0046
0.0056
0.0054

2.41
1.62
3.04
2.34
2.44
2.48

Notes: The time series data from external forcing experiments performed in Figure 6.32.
The data was separated and analyzed to calculate the data in this table. OpenTSTOOL
and MATLAB R2008a packages were used to analyze and calculate the values in the
table.
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Table A.15

Ni Metal
CMAS
Electrode
(row,
column)
(1,1)
(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(1,7)
(1,8)
(1,9)
(1,10)
(2,1)
(2,2)
(2,3
(2,4)
(2,5)
(2,6)
(2,7)
(2,8)
(2,9)
(2,10)
(3,1)
(3,2)
(3,3)
(3,4)
(3,5)
(3,6)
(3,7)
(3,8)
(3,9)
(3,10)
(4,1)
(4,2)
(4,3)
(4,4)
(4,5)
(4,6)
(4,7)
(4,8)
(4,8)
(4,9)
(4,10)

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies of Ni CMAS electrodes in H2SO4 solution at a
potential of 1.7 V.
Type of
Oscillations

Frequency

Amplitude

Time
Delay
(s)

Embedding
Dimension

Largest
Lyapunov
exponent

Correlation
Dimension

damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped
damped

0.311
0.308
0.296
0.311
0.311
0.312
0.309
0.308
0.296
0.310
0.311
0.299
0.300
0.308
0.298
0.307
0.304
0.306
0.303
0.304
0.307
0.311
0.308
0.308
0.308
0.311
0.308
0.301
0.311
0.308
0.304
0.311
0.310
0.309
0.311
0.308
0.299
0.299
0.308
0.297
0.296

2.14×10-7
2.08×10-7
2.09×10-7
2.10×10-7
2.09×10-7
2.11×10-7
2.11×10-7
2.11×10-7
2.10×10-7
2.12×10-7
2.09×10-7
2.01×10-7
2.08×10-7
2.08×10-7
2.09×10-7
2.10×10-7
2.08×10-7
2.10×10-7
2.13×10-7
2.09×10-7
2.10×10-7
2.14×10-7
2.13×10-7
2.07×10-7
2.08×10-7
2.12×10-7
2.10×10-7
2.02×10-7
2.14×10-7
2.08×10-7
2.09×10-7
2.14×10-7
2.04×10-7
2.00×10-7
2.13×10-7
2.08×10-7
2.04×10-7
2.14×10-7
2.08×10-7
2.10×10-7
2.00×10-7

1.29
1.73
1.60
1.63
1.65
1.45
1.56
1.63
1.66
1.55
1.54
1.53
1.56
1.45
1.56
1.65
1.66
1.59
1.54
1.45
1.29
1.61
1.72
1.55
1.73
1.45
1.56
1.63
1.66
1.55
1.54
1.45
1.56
1.55
1.66
1.55
1.59
1.45
1.56
1.63
1.66

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

0.0026
0.0027
0.0018
0.0029
0.0031
0.0014
0.0016
0.0019
0.0022
0.0026
0.0037
0.0015
0.0029
0.0037
0.0024
0.0026
0.0032
0.0031
0.0030
0.0036
0.0017
0.0029
0.0034
0.0013
0.0015
0.0023
0.0033
0.0025
0.0037
0.0036
0.0024
0.0028
0.0030
0.0029
0.0037
0.0024
0.0026
0.0037
0.0019
0.0016
0.0012

2.41
1.92
3.01
2.38
1.62
3.00
2.55
1.75
2.77
2.41
1.89
2.93
2.41
2.55
2.45
2.40
1.88
2.66
2.88
1.87
2.75
2.59
1.61
3.01
1.62
2.95
1.94
2.85
2.75
2.78
2.86
2.22
1.99
2.94
2.11
1.92
3.00
2.44
2.61
3.01
3.04

Notes: The time series data from experiments performed in Figure 6.23a was analyzed to
calculate the data in this table. OpenTSTOOL and MATLAB R2008a packages were
used to analyze and calculate the values in the table.
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Table A.16

Ni Metal
CMAS
Electrode
(row,
column)
(1,1)
(1,2)
(1,3)
(1,4)
(1,5)
(1,6)
(1,7)
(1,8)
(1,9)
(1,10)
(2,1)
(2,2)
(2,3
(2,4)
(2,5)
(2,6)
(2,7)
(2,8)
(2,9)
(2,10)
(3,1)
(3,2)
(3,3)
(3,4)
(3,5)
(3,6)
(3,7)
(3,8)
(3,9)
(3,10)
(4,1)
(4,2)
(4,3)
(4,4)
(4,5)
(4,6)
(4,7)
(4,8)
(4,8)
(4,9)
(4,10)

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies of Ni CMAS electrodes in H2SO4 solution at a
potential of 1.85 V.
Type of
Oscillations

Frequency

Amplitude

Time
Delay
(s)

continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous
continuous

0.402
0.402
0.403
0.372
0.402
0.401
0.400
0.389
0.389
0.392
0.400
0.401
0.402
0.402
0.403
0.400
0.402
0.402
0.403
0.399
0.402
0.402
0.389
0.399
0.403
0.401
0.401
0.400
0.400
0.402
0.402
0.403
0.399
0.399
0.402
0.403
0.372
0.402
0.402
0.403
0.372

7.55×10-8
7.55×10-8
7.47×10-8
7.44×10-8
7.50×10-8
7.48×10-8
7.48×10-8
7.52×10-8
7.45×10-8
7.51×10-8
7.49×10-8
7.44×10-8
7.45×10-8
7.52×10-8
7.51×10-8
7.53×10-8
7.45×10-8
7.48×10-8
7.53×10-8
7.55×10-8
7.51×10-8
7.49×10-8
7.52×10-8
7.53×10-8
7.51×10-8
7.49×10-8
7.49×10-8
7.55×10-8
7.51×10-8
7.55×10-8
7.55×10-8
7.48×10-8
7.54×10-8
7.53×10-8
7.55×10-8
7.42×10-8
7.54×10-8
7.55×10-8
7.55×10-8
7.41×10-8
7.54×10-8

2.07
2.07
2.02
1.99
2.08
2.04
2.04
2.05
2.00
2.04
2.04
2.05
2.05
2.04
2.04
2.06
2.01
2.01
2.06
2.07
2.04
2.00
2.04
2.03
2.08
2.09
2.09
2.05
2.04
2.05
2.05
1.75
2.06
1.85
2.06
2.06
2.06
1.96
2.06
2.06
1.59

Embedding
Dimension

4
3
3
3
3
3
3
3
3
4
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
3
3
3
3
3
3
4
3
3

Largest
Lyapunov
exponent

Correlation
Dimension

0.0100
0.0100
0.0075
0.0069
0.0085
0.0079
0.0089
0.0089
0.0070
0.0071
0.0086
0.0089
0.0089
0.0085
0.0079
0.0089
0.0089
0.0070
0.0071
0.0100
0.0089
0.0085
0.0079
0.0089
0.0075
0.0075
0.0075
0.0099
0.0097
0.0089
0.0085
0.0079
0.0089
0.0085
0.0079
0.0089
0.0089
0.0070
0.0089
0.0075
0.0069

2.19
2.19
2.32
2.01
2.22
2.09
2.28
2.30
2.31
2.18
2.10
2.08
2.09
2.08
2.10
2.13
2.04
2.03
2.10
2.09
2.30
2.10
2.14
2.18
2.32
2.32
2.32
2.18
2.10
2.04
2.05
2.09
2.20
2.23
2.18
2.10
2.09
2.09
2.08
2.10
2.01

Notes: The time series data from experiments performed in Figure 6.23b was analyzed to
calculate the data in this table. OpenTSTOOL and MATLAB R2008a packages were
used to analyze and calculate the values in the table.
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Table A.17

Amplitude, frequency, and nonlinear time-series analysis calculations for
the electrochemical studies during the external forcing of a Ni CMAS

Metal
CMAS
Electrode
(row,
column)

Ex
Forcing
Current
Applied

Frequency

Amplitude

Time
Delay

Embedding
Dimension

(1,1)
(1,1)
(1,1)
(1,1)
(1,1)
(3,5)
(3,5)
(3,5)
(3,5)
(3,5)
(4,10)
(4,10)
(4,10)
(4,10)
(4,10)

0 mA
8 mA A
0 mA
8 mA C
0 mA
0 mA
8 mA A
0 mA
8 mA C
0 mA
0 mA
8 mA A
0 mA
8 mA C
0 mA

0.3857
0.3958
0.3968
0.3976
0.3849
0.3498
0.3840
0.3808
0.3747
0.3697
0.3498
0.3949
0.3979
0.3970
0.3845

7.03×10-8
5.31×10-8
8.55×10-8
6.51×10-8
6.48×10-8
8.51×10-8
6.43×10-8
7.30×10-8
7.26×10-8
7.02×10-8
8.51×10-8
5.28×10-8
8.35×10-8
6.52×10-8
6.54×10-8

1.13
0.68
0.98
0.71
0.71
0.89
0.83
1.37
0.80
1.13
0.80
0.80
1.13
0.71
0.84

3
4
4
5
3
4
2
4
4
3
4
4
4
4
4

Largest
Lyapunov
Exponent

Correlation
Dimension

0.0037
0.007
0.0034
0.0070
0.0060
0.0065
0.0087
0.0047
0.0053
0.0061
0.0044
0.0070
0.0036
0.0073
0.0060

2.31
3.00
2.34
2.07
2.42
2.62
2.62
2.79
2.16
2.62
2.52
2.91
2.37
2.10
2.51

Notes: The time series data from external forcing experiments performed in Figure 6.26.
The data was separated and analyzed to calculate the data in this table. OpenTSTOOL
and MATLAB R2008a packages were used to analyze and calculate the values in the
table. A represents anodic current applied to the Pt electrode in the Ni CMAS/H2SO4
system and C represents cathodic current applied to the Pt electrode in the Ni
CMAS/H2SO4 system.
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